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PREFACE 


With this volume the Annual Review of Biochemistry comes of age. 
Though it would be a temptation, if space permitted, to reflect upon some 
of the extraordinary developments of the past 21 years in biochemistry, it 
may be more appropriate to consider a few of the things that have happened 
to this Review. The Committee started out with considerable confidence in 
the belief that the reviews would be critically written and that in all cases 
a substantial and judicious appraisal of the year’s research would be made. 
We believe that in most cases the authors succeed in achieving this difficult 
and desirable objective,—the present volume, for example, containing many 
admirable examples of the reviewer’s art at its best. In other cases, and usu- 
ally quite unexpectedly, the review as received from the author proves to be 
something quite different: an assortment of abstracts, brief, terse, and nu- 
merous,—the result of valiant effort to treat the literature comprehensively 
rather than selectively. 

The rapid development of the subject during the past two decades and 
its penetration into cognate fields threatened the Review with obesity, even 
in its youth. With the organization of the Annual Review of Physiology in 
1939 certain subjects were transferred to the new Review: e.g., permeability; 
brain and nerve; liver. Later, with the advent of the Annual Review of Mi- 
crobtology such subjects as Bacterial Metabolism, the Fungi, and Immuno- 
chemistry were transferred to that Review. The transfer was partial and 
was made with considerable reluctance because of the universal use of mi- 
croorganisms for the elucidation of fundamental biochemical phenomena. 
The latest, in 1950, involved subjects exclusively pertinent to plants, which 
were transferred to the Annual Review of Plant Physiology. It will be recog- 
nized at once that such redistributions of subject matter have affected the 
content of the Annual Review of Biochemistry less than might be imagined. 
While administrative expediency dictated the changes there has been less 
impact upon the actual content than might appear from the chapter head- 
ings alone: the biochemistry of microorganisms continues to be reviewed, 
appearing, somewhat less conspicuously perhaps, in the reviews on enzymes, 
vitamins, antibiotics, biological oxidations, and elsewhere. Brain, nerve, 
liver, and other animal organs, treated less from the point of view of over-all 
function of the organ, than as sources of compounds and reaction systems 
of biochemical interest, continue to be included. The same may be said of the 
higher plants. For some time to come photosynthesis appears likely to be of 
continuing interest to the readers of the Annual Review of Biochemistry. 
Indeed, the subject is likely to receive review, though from different points 
of view perhaps, within the Annual Reviews of Plant Physiology, Physical 
Chemistry, and Nuclear Science. Carbohydrate Metabolism may well appear 
in the future as ‘‘The Citric Acid Cycle and the Metabolism of C, Com- 
pounds.” “‘C, Metabolism’”’ is fast developing into a subject for annual or 
biennial review. 
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Other changes are in the making. The chapter on Water-Soluble Vitamins 
is to be divided into two chapters, each of about 50 pages, commencing with 
Volume 23 (1954). The chapters on Steroids, Steroid Metabolism, and 
Steroid Hormones may be reconstructed in the immediate future to keep 
pace with the rapid growth of this field of biochemical endeavor. A similar 
consideration applies to the subjects of Biological Oxidations and Enzymes. 
A prefatory chapter, written by a biochemist of long experience, is to appear 
annually, commencing with Volume 22 (1953). 

We mentioned in an earlier paragraph the threat of obesity that seems 
always to hang over this Review. The problem was met in one way by turn- 
ing in 1950 to nine-point type instead of ten-point and by decreasing the 
size of the page margin. Despite this and the institution of new Reviews, 
some of which absorbed a part of the subject matter of biochemistry at its 
broadest, the present volume is over 750 pages. Some of the reviews are 
unusually long but in our judgment they are unusually good. 

We cannot adequately express our gratitude to those who have con- 
tributed in authorship to the present volume. We regret only that the review 
by Claude, previously announced for inclusion in this volume, was not re- 
ceived. We would also express our thanks to our editorial assistants and their 
associates in the business office, each of whom has had to carry a heavy load 
of responsibility. Miss Robbie Bass has been the principal editorial assistant 
for this present volume. The subject index was prepared with the kind help 
of Professor Clark Griffin. 

We wish also to thank our printers, the George Banta Publishing Com- 
pany, for their ever cordial cooperation. 


H.J.A. H.S.L. 
A.K.B. J.M.LL. 
H.J.D. G.M. 


H.A.S. 
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page 575, line 6: for Platt read Piatt 
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page 596, reference 188: for Dunn read Dumm 
Author Index: 
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PROTEOLYTIC ENZYMES! 


By ARNOLD KENT BALLs 
Department of Agricultural Chemistry, Purdue University, Lafayette, Indiana 
AND 
EUGENE F. JANSEN 
Ensyme Research Division, Western Regional Research Laboratory, Bureau of 


Agricultural and Industrial Chemistry, Agricultural Research Administration, 
United States Department of Agriculture, Albany, California 


INTRODUCTION 


The subject matter of the present review covers reports appearing in 
the last two years (1950-51). As in all reviews, it is necessary to subdivide 
the subject, although no such arbitrary subdivisions are ever perfect, 
because numerous papers need consideration from more than one angle. 
The following arrangement will be used in this discussion in the hope that 
it may afford the maximum practical grouping of related contributions: 
newly found or characterized enzymes; special properties of certain proteases 
(such as molecular weight); studies on activation, inactivation, and inhibi- 
tion; mode of action; kinetic considerations; specificity; synthesizing activi- 
ties of proteolytic enzymes; certain clinical and related findings concerning 
proteolytic enzymes; and finally a number of new techniques and schemes 
for enzyme assay. 


NEWLY FouUND OR CHARACTERIZED ENZYMES 


During the period covered by this review, two proteinases of micro- 
biological origin have been crystallized. Crewther & Lennox (1) have 
prepared a crystalline protein from the culture liquid of Aspergillus oryzae 
which possessed proteolytic activity. The enzyme was purified by low- 
temperature alcohol fractionation and crystallized from ammonium sulfate 
solution. The digestibility of gelatin by the preparation was equal to that 
by crystalline trypsin and greater than that by crystalline chymotrypsin, 
pepsin, and commercial papain. Hemoglobin digestion was found to be 
comparable to that by papain but greater than that by the crystalline 
enzymes. However, the ability of the crystalline Aspergillus enzyme to 
reduce the viscosity of gelatin was considerably greater than that of any 
of the other proteinases tried. In spite of the fact that the crystalline prepar- 
ation was 83 per cent electrophoretically homogeneous and 90 per cent by 
ultracentrifugation, the authors conclude that it probably contains two 
enzymes, one of which reduces the viscosity of gelatin while the other acts 
on the lower-molecular-weight components of gelatin. It seems more prob- 


1 The survey of the literature pertaining to this review was concluded in Novem- 
ber, 1951. 
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able that the crystals consist of only one enzyme of a different specificity 
than those used for comparison. 

A precursor and an active enzyme have been isolated in crystalline form 
by Elliott (2) from the culture fluid of a group A Streptococcus. On a nitro- 
gen basis, the activity of the enzyme in the hydrolysis of benzoylargininamide 
compared favorably with that of crystalline trypsin. The precursor was 
convertible to the active enzyme by the action of either reducing agents 
or trypsin, and in time it was converted to active enzyme in the presence 
of the substrate. The nature of the conversion reaction is obscure, since 
both reducing agents and trypsin catalyze the conversion. As determined 
by precipitin tests, the active enzyme and the precursor are distinct antigens 
and hence probably distinct proteins. 

Neuman & Tytell (3) have observed that culture liquids of Clostridium 
histolyticum contain a collagenase distinct from the usual proteinases in 
that the enzyme is capable of hydrolyzing native collagen. Heat or urea 
denaturation of collagen produces a susceptibility of the collagen to the 
action of trypsin, chymotrypsin, and papain. The enzyme was concentrated 
400-fold and found to be unaffected by Fe**, cysteine, or crystalline soy- 
bean trypsin inhibitor (4). Although not proportional to the antitoxin, the 
enzyme was inhibited by specific Cl. histolyticum antisera. Bidwell (5) 
concentrated the proteinase produced by Cl. welchii 40-fold and found it to 
be strongly inhibited by cysteine. Some evidence was presented which 
indicated that the preparation was a mixture of proteinases. Balé & Banga 
(6) have found a factor, elastase, in pancreas extracts capable of solubilizing 
the elastic fibers of aorta tissue, leaving the collagen unchanged. Neither 
trypsin nor chymotrypsin was responsible. No amino acids were liberated 
during the solubilization process which involved simply changing the 
insoluble elastin into soluble protein. However, they did not consider the 
possibility that carbohydrate might be liberated. 

The proteolytic enzyme (cathepsin) of striated rabbit muscle was purified 
by Snoke & Neurath (7) 1,100-fold over that of the muscle. The enzyme 
was activated by Fe** and the specific activity of the purified preparation 
was approximately one-third that of chymotrypsin. Evidence was presented 
indicating either that the cathepsin existed as an inactive precursor or that 
an inhibitor was present in the crude extract. Adams & Smith (8) made a 
systematic investigation of the proteolytic activity of pituitary extracts 
and found a number of peptidases and two proteinases. The prolidase and 
leucine aminopeptidase were activated by Mn++. With hemoglobin as sub- 
strate, two pH optima were observed, one at pH 3.8 (proteinase I) and the 
other at pH 8.5 (proteinase II). Each proteinase was prepared separately 
from the other by fractional ammonium sulfate precipitation and prefer- 
ential heat inactivation. Proteinase II was inhibited by phosphate; no 
other specific activator or inhibitor was found for either proteinase. Syn- 
thetic substrates known to be hydrolyzed by cathepsin and the proteinases 
of the gastrointestinal tract were split by either of the proteinases. Purified 
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hog adrenocorticotropic hormone (ACTH) contained small amounts of the 
pituitary proteinases, which accounts for the ACTH instability as measured 
by bioassay. Ellis & Fruton (9) purified the tripeptidase of thymus gland. 
This enzyme is an aminopeptidase, and its action is restricted to tripep- 
tides. Tripeptides ending in glycylglycine were most rapidly hydrolyzed, 
whereas the other tripeptides tried were only slowly hydrolyzed. Although 
the enzyme was inhibited by cysteine, it did not appear to be a metal pepti- 
dase. 

An enzyme capable of hydrolyzing the L- and D-amino acid amides has 
been found in mushrooms by Price et al. (10). Typical peptidase sources 
were void of this activity. The amides of proline, alanine, and leucine were 
hydrolyzable with a pH optimum at 8. The amides of D- and L-amino acid 
mixtures were completely hydrolyzable; however, one-half (presumably the 
L) was hydrolyzed much more rapidly. Although L-isoglutamine and 1- 
isoasparagine were slowly hydrolyzed, the enzyme was without effect on 
L-glutamine and L-asparagine. 

Olson & Binkley (11) have separated the glutathione-hydrolyzing enzyme 
system of porcine kidney into one enzyme, glutathionase, which hydro- 
lyzed the y-glutamyl] group, and another enzyme, cysteinylglycinase, which 
hydrolyzed the cysteinylglycine formed. Subsequently these authors (12) 
found that glutamine specifically activated the glutalthionase. Apparently 
the combined system is necessary for hydrolysis of glutathione, since the 
glutalthionase of brain tissue was relatively inactive unless combined with 
cysteinylglycinase from kidney. Since the activating glutamine was not 
destroyed by this system, Binkley & Olson conclude that glutamine was 
functioning as a coenzyme and propose the following ammonolysis scheme: 


Glutamine + enzyme — enzyme-amide + glutamic acid 
Enzyme-amide + glutathione — glutamine + cysteinylglycine + enzyme. 


Binkley (13) has presented evidence indicating that cysteinylglycinase is 
not a protein but may be a pentosenucleic acid since (a) the activity is not 
destroyed by large amounts of proteinases; (b) substantially all of the pro- 
tein of the preparation can be removed without loss of activity; (c) the 
enzyme is not an antigen; (d) the physical and chemical properties of the 
purified enzyme are in keeping with its being a nucleic acid; and (e) the 
enzyme is attacked slowly by ribonuclease. 

Buchs (14) found that gastric juice, when acting on edestin at 40°, has 
two pH optima, one at pH 2 and the other at pH 4. When the hydrolysis 
was carried out at 70°, only the optimum at pH 4 was observed. Hence, 
Buchs concluded that both pepsin and a cathepsin were present, the pepsin 
being inactivated at 70°. Furthermore, the cathepsin activity was increased 
by reducing agents. Since ammonia or glycerol extracts of stomach mucosa 
contained little cathepsin until after treatment with acid, the enzyme 
exists as a precursor. Geilenkirchen & Elbers (15) refute Buchs’s results 
since they found only one optimum when gastric juice acts on proteins other 
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than edestin. They explain the two optima observed when edestin is used 
as a substrate as being a property of this protein. However, they do not 
adequately explain the increased activities produced by reducing agents. 
Hoch (16) observed four components, two of which were major components, 
when crystalline pepsin was subjected to prolonged electrophoresis, par- 
ticularly at pH 5.9. These major components may represent two pepsins. 
Danielsson (17) observed a proteinase in extracts of pea seeds; germinated 
and unripe seeds possessed the highest activities. Lichtenstein et al. (18) 
found that glycerol extracts of diapause locust eggs contain peptidase but 
no proteinase, whereas before hatching a proteinase is present. 


SPECIAL PROPERTIES 


Eisenberg & Schwert (19) carried out a comprehensive study of the re- 
versible heat denaturation of chymotrypsinogen. Denaturation was most 
rapid below pH 3 and renaturation below pH 4. Between pH 2 and 3 the 
amount of denatured protein was a function of the third power of the hydro- 
gen ion activity. An equilibrium existed between native and reversibly 
denatured protein. Both the reversible and irreversible denaturation reac- 
tions were first-order, and thermodynamic constants are reported. Re- 
natured chymotrypsinogen was identical with native chymotrypsinogen, 
both in physical properties and activability. 

From the determination of its sedimentation and diffusion constants, 
partial specific volume, and specific viscosity increment, Schwert (20) found 
the molecular weight of chymotrypsinogen to be 23000, a value considerably 
lower than previously reported. Similar determinations on a-chymotrypsin 
provided evidence that a-chymotrypsin dimerizes in solution (21). The 
molecular weight of the monomer was 21500 and the dimer 43000. Smith, 
Brown & Laskowski (22) agree with Schwert and Kaufman that a-chymo- 
trypsin dimerizes. Chymotrypsin B also dimerizes but the influence of pH on 
the dimerization differed from that observed on a-chymotrypsin. The 
molecular weights of the four proteins, chymotrypsinogen, chymotrypsinogen 
B, a-chymotrypsin, and chymotrypsin B were all 22500. It is apparent 
from the results of these two schools that the conversion of chymotrypsinogen 
to active enzyme is a much more subtle change than previously supposed 
in that the amount of hydrolysis of the zymogen by the action of trypsin 
must be very limited. 


ACTIVATION, INACTIVATION, AND INHIBITION OF PROTEINASES 


Inactivation by physical means.—The inactivating effect of various 
radiations has been studied mostly on the crystalline proteins. Thus, Casey 
& Laidler (23) have studied the inactivation of pepsin by heat and find 
that only at higher concentrations does this proceed as a first-order reaction. 
Pollard, Buzzell, Jeffreys & Forro (24) have found that the bombardment 
of crystalline pepsin or trypsin in the dry state by deuterons and electrons 
caused inactivation at a rate corresponding to random passage. The target 




















PROTEOLYTIC ENZYMES 5 


size of the deuteron beam was in good agreement with that expected from 
the molecular weight of the protein. A method is suggested whereby molecu- 
lar weights might be determined, even on quite impure preparations. (Never- 
theless, the molecular weight calculated for trypsin (30600) is far larger 
than the value (about 20000) now regarded as most likely.) 

Further observations, by McLaren & Finkelstein (25), of the quantum 
yield for ultraviolet inactivation of chymotrypsin (this time in solution), 
accentuate the importance of reagents and conditions. The quantum 
yield was found to be independent of the initial concentration of enzyme, 
and of the concentration of phosphate, but not of acetate buffer. A lower 
quantum yield is obtained by irradiation at 3.5° and measurement of activity 
at 3.5°C., than by irradiation at 25° and measurement of activity at that 
temperature. Yet irradiation at the lower temperature, followed by raising 
the temperature to the higher level, gives a still higher quantum yield. 
This is interpreted as pointing to the existence of active intermediates 
stable only at the lower temperature. 

An interesting point concerning the inactivation of trypsin by ultraviolet 
irradiation was raised by Verbrugge (26), who reported that a higher quan- 
tum yield was obtained when the residual activity was measured by hemo- 
globin (using Anson’s method) than when it was measured by titration (with 
hemoglobin, casein, or benzoyl-L-argininamide as substrates). However, 
Goldenberg & McLaren (27) recently failed to find any difference. 

Stabilizing effects (calcium).—Trypsin is well known to be unstable in 
alkaline media (pH 7 to 9), and its inactivation is generally thought of as 
a denaturation, reversible in itself, but continuous because the denatured 
enzyme is digested and removed by the active remainder. Recent investiga- 
tions have made it clear that calcium ion plays an important role in pro- 
tecting trypsin and a number of bacterial proteinases from such inactiva- 
tions. This is reminiscent of the fact that calcium favors the activation of 
trypsinogen, and, as found by McDonald & Kunitz (28), it prevents the 
conversion of trypsinogen to inert protein in lieu of trypsin. 

Gorini and co-workers have observed the protective effect of calcium 
on a number of bacterial proteinases. Thus Gorini & Fromageot (29) 
found that the production of proteinase by cultures of Micrococcus lyso- 
deikticus was suppressed by phosphate, oxalate, and citrate, although the 
growth of the organism was stimulated thereby. The work was extended by 
Gorini (30) to include results on megatherium, subtilis, proteus, and several 
other organisms. Calcium-sequestering reagents such as fluoride, citrate, 
hexametaphosphate, and others, inactivated cell-free preparations of the 
proteinases. Inactivations could be prevented by the immediate additions 
of calcium, but activity was not regained by additions made later (except 
in a few cases). Apparently the inactivation is reversible only at first, but 
calcium is essential for activity as well as stability. It can be replaced in 
some degree by strontium, but not by magnesium. Moreover, Gorini & 
Crevier (31) found that when Microcococcus lysodetkticus is treated with 





6 BALLS AND JANSEN 


lysozyme, the lysis is accompanied by proteolysis, provided calcium is 
present, presumably to activate the cellular proteinase so released. Trypsin, 
according to Gorini (32), is a protein-calcium complex when active. A pro- 
tective effect of calcium was observed with trypsin when the latter was 
heated at pH 7.9. Again calcium sequestrants destroyed the protection. 
There is some evidence that the active trypsin-Ca complex may dissociate 
reversibly, but the life of the active, metal-free protein is short, and it soon 
becomes irreversibly inactivated. Calcium ion was also found to protect 
serum albumin from denaturation. 

The foregoing observations and those simultaneously reported by Bier & 
Nord (33) are mutually corroborative in many respects. These authors found 
calcium or manganese (the latter up to pH 8 where it precipitates) to protect 
trypsin markedly in alkaline media against heat and radiation. Other 
cations were without effect (though in fact many are precipitated and cannot 
be tested). As calcium does not influence the tryptic digestion of proteins, 
the authors consider that it displaces the equilibrium between active and 
denatured trypsin in favor of the active form. The present evidence comes 
largely from an extensive study of the electrophoretic behavior of trypsin, 
wherein the active enzyme was distinguishable from a digestion product 
of its denatured form. In the course of this work it became evident that the 
isoelectric point of trypsin is much higher than it has been thought to be, 
in fact is, ca. pH 10.8. At this very alkaline pH, only the guanidine groups 
(arginine residues) are believed to dissociate. In most proteins such a disso- 
ciation is considered to be compensated for by the free COOH groups in 
aspartic and glutaminc acids. However, trypsin (although rather low in 
glutamic acid) is not extremely poor in dicarboxylic acids; so the authors 
suggest the possibility that their carboxyls may, in this protein, be blocked 
by amide groups. 

In view of the foregoing observations concerning the favorable effect of 
calcium on tryptic activity, the findings of Kaiser & Hubata (34) may be 
discussed here. CholesteryImalonic acids and cholesterylacetic acid in 
rather heavy doses were found to inhibit the digestion of hemoglobin by 
trypsin. The inhibition appears to be an equilibrium, the inactive enzyme 
being considered as existing in an enzyme-inhibitor complex. When the 
cholesterylmalonic acids were precipitated by Ca-acetate in the presence 
of the trypsin the inhibition was increased. With cholesterylacetic acid, 
however, it was unchanged. The authors explain this by proposing that the 
(reversible) enzyme-inhibitor complex was precipitated by Ca (and so 
removed) when it contained malonic acid, but not when it contained acetic 
acid. It would then follow that the trypsin-binding group in the inhibitor 
was a free carboxyl group. (Nonetheless, the observation is a puzzling one. 
It is obvious that the inhibitors do not act as Ca-sequestering agents, 
but it is hard to see why they should not do so.) 

Synthetic inhibitors.—Studies on the structural requirements of competi- 
tive inhibitors for a-chymotrypsin as summarized by Neurath & Schwert 
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(35) have been continued by Neurath & Gladner (36) with regard to the 
effect of chain length and certain cyclic substituents in compounds which 
may thus be considered analogues of B-phenylpropionic acid. (This acid is 
one of the most active inhibitors with a simple structure that is known for 
a-chymotrypsin.) B-Substituted propionic acids were found to be most 
inhibitory in a given homologous series. With reference to the substituent: 
cyclohexyl, phenylnaphthyl, and indole were increasingly inhibitory in the 
order named. Thus, 3-indolepropionic acid is the most potent competitive 
inhibitor of the series; it may be noted that tryptophan derivatives are 
among the most susceptible substrates of this enzyme. 

The noncompetitive inhibition of a-chymotrypsin by an apparently 
stoichiometric reaction with dialkylfluorophosphates and similar substances 
has been studied further. Jansen, Curl & Balls (37) have found that a 
reaction strictly analogous to that observed between a-chymotrypsin and 
diisopropyl fluorophosphate (38, 39) also takes place with a variety of similar 
reagents. Although the speed of the reactions and the concentration of 
reagent required varied 1,000-fold between the different alkyl phosphates, 
the analysis of the crystalline-inhibited protein showed that in each case 
the enzyme had undergone phosphorylation with the introduction of a single 
phosphate residue in the molecule. Hartley & Kilby (40) have also found 
the inhibition of chymotrypsin by diethyl-p-nitrophenyl phosphate to 
follow the same course. Free nitrophenol is produced in this case, just as 
HF was formed in the reaction of the enzyme with diisopropylfluorophos- 
phate. Moreover, the liberation of nitrophenol parallels the course of inhibi- 
tion and stands in 1:1 equivalence to the enzyme inhibited {assuming a 
mol. wt. of 27000). 

The question of whether other esterases besides chymotrypsin undergo a 
similar phosphorylation, and inhibition thereby, has so far received a weakly 
affirmative answer. The work of Michel & Krop (41) concerning choline 
esterase, like that of Boursnell & Webb (42) on horse-liver esterase, can 
leave little doubt as to inhibitory action of these phosphates on the esterases 
in question, but the stoichiometry of the reaction is not definitely shown. 
On the other hand, enzymes very similar to chymotrypsin do (as perhaps 
might be expected) react with diiosopropylfluorophosphate in a 1:1 ratio. 
Thus, Jansen, Curl & Balls (43) prepared an active oxidation product of 
a-chymotrypsin by the action of excess periodate thereon, and observed 
that the altered protein (which differed in several details from the mother 
substance) reacts with diisopropylfluorophosphate in the same way as 
chymotrypsin itself. Moreover, Jansen & Balls (44) found B- and y-chymo- 
trypsin to react mole for mole with this inhibitor. Trypsin also reacted with 
diisopropylfluorophosphate to form an inhibited protein that on crystalliza- 
tion and analysis contained one mole of phosphate per 20,000 gm. of protein. 
The value of this equivalent weight comes close to that quoted by Golden- 
berg & McLaren (45) for the molecular weight of trypsin. 

Naturally occurring inhibitors—A powerful antitrypsin has been dis- 
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covered in bovine colostrum by Laskowski & Laskowski (46), who isolated 
the trypsin-inhibitor complex in crystalline form, and from it the active 
crystalline inhibitor itself. The inhibitor is more than twice as potent on a 
weight basis as the crystalline inhibitor from soybeans, and, like the latter 
and the pancreatic antitrypsin of Kunitz and Northrop, combines stoichio- 
metrically with the enzyme. The existence of this tryptic inhibitor in colos- 
trum may explain why the immune globulins therein escape proteolytic 
digestion in the young animal. 

Blood serum, according to West & Hilliard (47), contains substances 
that inhibit chymotrypsin and rennin, respectively, and are thus determin- 
able by milk-clotting techniques. An abnormally large inhibitory action 
against chymotrypsin ‘‘and/or’”’ rennin was found in a variety of pathological 
and physiological states, including cancer and pregnancy. The changes in 
inhibitor levels probably reflect changes in protein metabolism and are not 
suitable for diagnosis. Tauber (48) has also reported an increase of chymo- 
trypsin inhibitor in various diseases, and concludes that while the test 
may assist in the diagnosis of advanced malignancies, its value in early 
stages is quite dubious. 

A complete review of the significance of trypsin inhibitors in nutrition 
was made here last year by Almquist (49). Subsequently, Almquist & 
Merritt (50) broadened the usual explanation that the proteolytic inhibitor 
creates a methionine deficiency, to include other essential amino acids on 
appropriate diets containing soybean antitrypsin. Whether the diet was 
supplemented by methionine or not, a further weight increase in chicks re- 
sulted from the addition of lysine or arginine. Thus the effect of proteolytic 
inhibitors appears to be a general one, and probably applies to any essential 
amino acid whose concentration in the diet may be marginal. 

Perhaps some of the present contradictions in the nutritional picture 
may eventually involve other proteolytic inhibitors besides the well-recog- 
nized antitrypsins. In any event, newly found inhibitors are being reported. 
Thus Hites, Sandstedt & Schaumburg (51) have found an inhibitor to 
papain in water extracts of wheat flour and bran. It is not dialyzable, can 
be concentrated by lyophilization, and its effect is not reversed by sulfhydryl 
compounds. The inhibitor does not appear to affect the native proteolytic 
enzyme in flour. On the other hand, Learmonth (52) has found an anti- 
papain in soybeans which does inhibit flour proteinase. 


Mope or ACTION AND SPECIFICITY 


Action on proteins —The behavior of proteinases on proteins and related 
natural materials makes a less orderly and consistent picture than that 
observed with simple synthetic substrates, although generally the rate of 
action is faster. Several instances will be cited below where the action of the 
enzyme virtually ceases after the removal of a considerable part of the pro- 
tein, leaving a resistant ‘‘core’’ or residue. So far as present work permits us 
to judge, the resistant ‘‘core’’ may be an unaltered portion of the original 
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molecule from which, so to speak, the clothes have been stripped, but it 
should also be considered a breakdown product, albeit of much greater 
size than others that are formed with it. This brings up the very practical 
but still little-known matter of how far an alteration in the protein is 
reflected in its enzymic or other biological activities. Much enzyme research 
is now being channeled in this direction; for the proteolytic enzymes seem 
to offer a good means of altering protein structure rather than destroying 
it. As a result, it is becoming increasingly evident that, while some biological 
activities may indeed depend upon the entire protein, others most certainly 
do not. Thus, the digestion of proteins by proteinases, although a complex 
process, is at least being used to advantage. 

According to Fraser & Powell (53), who examined the self-digestion of 
trypsin and the digestion of casein by trypsin, the reactions are not explicable 
by any simple classical rate law. They advise the use of graphic methods 
to test the more complicated assumptions required. While trypsin was shown 
to digest denatured trypsin (with which the active form is considered to be 
in reversible equilibrium), such digestion is not an important factor in 
causing a decreasing rate of digestion of casein. Yet the rate of casein diges- 
tion falls off rapidly. This may be explained by the inhibitory action of 
digestion products. 

The self-digestion of pepsin has been examined by Ingram (54). Autolysis 
is rapid at 45°C. and pH 4. After 24 hr. 40 per cent of the total tyrosine of 
the protein crystallizes out. Chromatographic techniques showed that a 
large number of peptide fragments were formed even at the start. Three 
peptides of considerable size (mol. wts. estimated at 1080, 1430, and 1850, 
respectively) were isolated from the chromatograms. Treatment of these 
peptides with nitrous acid, subsequent hydrolysis, and chromatography led 
to the conclusion that each of these peptides originally contained but one 
alanine residue which was always the amino-bearing end group. (Linkages 
yielding terminal amino-bearing alanine on hydrolysis were among those 
preferentially hydrolyzed by pepsin acting on horse globin, as noted below.) 

Although pepsin appears to demolish its substrates more completely 
than does trypsin or chymotrypsin, it has nevertheless been possible to 
obtain biologically active fragments of substrate from peptic digests. Thus 
Li (55) has hydrolyzed follicle stimulating hormone (of high purity) by rela- 
tively large doses of pepsin at pH 4, for 5 hr., at 30°. Only one-third of the 
original protein was then precipitable by trichloroacetic acid; yet the re- 
sulting hydrolyzate was as active as the original hormone protein. More- 
over, the active principle was dialyzable. ‘ 

A product with biological activity differing from that of its source has 
been obtained by Tsou (56) from cytochrome-c after peptic digestion. An 
hydrolysis product was isolated by dialysis and fractionation with am- 
monium sulfate which gave a molecular weight of about 2500 calculated on 
the basis of one iron atom per molecule. The material had essentially the 
same absorption spectrum as cytochrome-c, in the visible range, but not in 
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the ultraviolet. It combined with HCN and was auto-oxidizable. It was 
inactive in both the cytochrome oxidase and succinic oxidase systems, but 
it strongly catalyzed the oxidation of ascorbic acid with the reduction of 
O, to H,0: and the evolution of CO:. 

The enzymatic proteolysis of insulin furnishes a good example of the 
existence of a residual ‘‘core.’? Chymotrypsin causes nearly two-thirds of the 
nitrogen to become soluble in 0.25 N trichloroacetic acid, the small frag- 
ments consisting of some 15 peptides with an average molecular weight of 
about 600 to 800 (57). The peptide mixture has been separated by chromato- 
graphic techniques (58). The number of bonds split in insulin by chymo- 
trypsin is approximately equal to the total number of aromatic residues 
therein, as shown by Butler, Phillips, Stephen & Creeth (59). The other 
product of chymotryptic digestion is a fragment with a molecular weight of 
4000 to 5000. The advisability of using pure enzyme preparations for such 
research is illustrated by the observation that while this insulin core is still 
slowly attacked by chymotrypsin, it is attacked by trypsin much more 
rapidly than is insulin itself. 

That the presence of a resistant residue may, however, be due at times 
to a back-reaction (plastein formation) is suggested by the results of Virtanen, 
Laaksonen & Kantola (60) on the peptic digestion of zein. At pH 1 to 2, 
zein was brought completely into solution by pepsin, but after adjustment 
to pH 3 to 4 much polypeptide nitrogen appeared in an insoluble form 
which possessed neither the chemical nor the x-ray characteristics of the 
original protein. 

A study of the attack of pepsin on horse globin and albumin by Des- 
nuelle, Rovery & Bonjour (61), followed by an examination of the action 
of trypsin and chymotrypsin (62) on horse globin, enables some very inter- 
esting and thought-provoking comparisons to be drawn. Each of the three 
enzymes acts differently on globin; moreover the action of pepsin on globin 
is quite different from its action on albumin. Not only does each of the 
three proteinases exhibit a specificity of its own, but the two proteins act 
like entirely different substrates of the same enzyme. 

The fragments of the original protein were separated into high and low 
molecular weight fractions by means of trichloroacetic acid. End group 
analysis for the terminal a-amino-bearing acids was then made by periodate 
oxidation, the reaction with 2,4-dinitrofluorobenzene, and appropriate 
chromatographic techniques like those of Sanger. In this way it was possible 
to determine amino-bearing serine and threonine directly, and other amino 
acids after chromatographic separation. This procedure identifies only half 
of the amino acids which occupy terminal! positions after the scission of 
the peptide chains, i.e., those acids carrying free a-amino groups. The 
terminal amino acids on the other side of the split peptide bonds bear free 
carboxyl groups, and as yet have not been identified. But even with what 
amounts to only half the story, the differences in behavior between the 
three enzymes and the two proteins are very striking. 
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Thus pepsin splits horse globin at first into very large peptides plus 
medium-sized peptides (ca. 12 amino-acids); then the former are reduced 
to about the size of the latter. During this process pepsin breaks preferen- 
tially those bonds by whose scission alanine, phenylalanine, leucine, and 
serine are caused to appear as NH;-bearing terminal groups. As the hydroly- 
sis progresses further, the dodecapeptides are hydrolyzed on the average 
to the tri- and tetrapeptides, but there is no evidence of preference by the 
enzyme for any particular bond at this stage. On the other hand, albumin 
is broken down by pepsin immediately to hexa- or pentapeptides, and no 
evidence of any selectivity by the enzyme is found. (Perhaps it is not to be 
expected, since no “‘first’’ step is recognizable.) 

Unlike pepsin, trypsin and chymotrypsin cannot hydrolyze horse globin to 
the point where nothing in the digest is precipitable by trichloroacetic acid. 
Eventually small peptides (ca. eight residues long) are formed, leaving a 
large fraction still precipitable by trichloroacetic acid. In the case of trypsin, 
this precipitable fraction is about half of the original protein; with chymo- 
trypsin, it is only about a quarter. The “‘core”’ motif is again evident, though 
in this case the cores are ill-defined products. Trypsin and chymotrypsin 
act preferentially on those linkages whose splitting produces alanine and 
phenylalanine in the amino-bearing terminal positions. Moreover, trypsin 
prefers threonine-containing to serine-containing linkages (the opposite of 
pepsin) while chymotrypsin apparently makes no distinction. 

Such results as the foregoing can soon become so diverse and compli- 
cated as to make their correlation difficult. The authors have greatly simpli- 
fied the correlative mental effort by expressing their results with a so-called 
“Index of Specificity.”” This index, for any given amino acid, is the ratio 
of the fraction of bonds split which contains that acid to the fraction split 
which does not contain it. The authors explain the calculation of this index 
by a concrete example: A globin hydrolyzate indicates on analysis that an 
average of 30 peptide linkages per molecule have been ruptured; of these 30, 
six are phenylalanine bonds. Recent estimates indicate that the globin mole- 
cule contains about 555 bonds, of which 28 involve phenylalanine. The 
enzyme has therefore hydrolyzed 6/28 or 21.5 per cent of the phenylalanine 
bonds, and 30-6/555-28 or 4.5 per cent of the other bonds. The index of 
specificity in this case for phenylalanine is then 21.5/4.5 =4.8. It is obvious 
that if the enzyme splits none of the particular bonds in question, the 
index would be zero; if it splits only bonds involving the acid in question, 
the index would be infinity; if it splits the bonds in question at the average 
rate for all, the index would be unity. The index of specificity was found to 
vary from practically zero to 6.3 (trypsin acting on bonds containing phenyl- 
alanine) and 7.8 (trypsin acting on bonds of tryptophane). The results 
show a marked selectivity on the part of the enzymes used. The latter value 
is 7.8 times the average rate for all other bonds, including some that were 
also hydrolyzed with considerable rapidity. 

Specific differences in the action of pepsin and trypsin on bovine plasma 
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albumin were also found by Riesen & Elvehjem (62a), who used entirely 
different criteria, namely, the nutritional values of the peptides produced 
for certain bacteria. (Amino-acid formation was negligible.) Peptic digestion 
liberated larger quantities of peptides than did tryptic; moreover peptic 
digestion made available to the organism larger quantities of all the amino 
acids except the basic amino acids and tryptophan. These were released in 
more available form by trypsin. Peptic digestion was not influenced by previ- 
ously heating the substrate, but tryptic digestion was facilitated thereby. 
The authors pose again the question whether denaturation may not create 
altered and more readily attacked peptide linkages. [However, pepsin, oper- 
ating as it does in strongly acid media, may require no previous denaturation 
of the substrate, while for trypsin such an alteration may be needed only 
at certain ‘‘nodes’’ (botanically speaking) in the protein structure, and 
trypsin may have more “nodal specificity’”’ than the other well-studied 
proteinases.] 

Still another instance of a relatively resistant fraction or ‘‘core’’ is found 
in the case of wool treated with papain. Here the difference in digestibility 
has in part, at least, a histological background. Wool is rapidly attacked by 
papain in the presence of sodium bisulfite. The wool is split into cortical 
cells and part goes into solution. Blackburn (63) has studied what peptides 
are formed. Chromatography and the techniques of Sanger (64), including 
the formation of dinitrophenyl derivatives, were used. The soluble material 
increases with incubation time, but a constant fraction, about 10 per cent 
of the soluble portion, is precipitable at pH 4 ( polypeptide A). This material 
resembles Astbury’s “disoriented §-keratin.’’ On hydrolysis and chroma- 
tographic analysis, it contained essentially the same amino acids as wool. 
The remaining soluble material consisted of considerable glycine, small 
amounts of serine and threonine, and peptides about five amino acids in 
chain length. 

Alkali-treated wool was digested more rapidly than ordinary wool. But 
its disintegration into cortical cells was slower. Polypeptide A in this case 
contained lanthionine and cysteic acid as well as all the amino acids of 
wool. 

End group analysis by the dinitrofluorobenzene technique showed that 
papain had liberated no @-amino groups belonging to basic amino acids. 
This indicates that papain has a certain specificity toward the peptide 
linkages it attacks. 

Sizer (65) has studied the action of pepsin, trypsin, and chymotrypsin 
on collagen. Pepsin rapidly digested collagen (native tendon) in acid solu- 
tions and, when the protein was prepared as sutures, the strength decreased 
faster than the weight, suggesting that the bonds that hold the fibrils together 
are severed most rapidly. Tendon is relatively resistant to trypsin and 
chymotrypsin, but the rate is markedly increased when the tendon is cut 
into very short lengths. Apparently the cut ends are attacked first. On 
sutures the action of trypsin is to decrease weight and tensile strength 
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together, which suggests a surface action. Later the tensile strength decreases 
more rapidly, indicating a penetration of the enzyme. When sutures are 
heated to 130°C. they become more resistant to proteolysis. Sodium chloride 
(1 mg. per ml.) facilitates the action of trypsin on sutures, while magnesium 
appears to be a specific activator for the digestion of collagen sutures by 
chymotrypsin. 

Studies on the mode of action of the cathepsins are obviously hampered 
by the lack of pure preparations, without which none of the specific differ- 
ences between trypsin and chymotrypsin, for example, could have been 
noticed. Some peculiarities are indicated, however, by Maver & Greco 
(66) who digested clupein and salmine with spleen and thymus cathepsins. 
(The latter may well contain two enzymes, for two pH optima are shown.) 
These cathepsins apparently tend to sever peptides containing arginine and 
serine. 

Effect of high pressures on pepsin, trypsin, and chymotrypsin.—This 
topic is divided naturally into two parts: studies of the rate of hydrolysis 
at pressures too low to inactivate the enzyme and studies of the inactivation 
of the enzyme, which occurs at much higher pressures. 

Fraser & Johnson (67) have measured the hydrolysis of casein by trypsin 
at several temperatures up to 550°C., and at pressures of one, 340 and 680 
atm. The data show that pressure increased the rate of digestion at 50°C. 
and over, where trypsin is known to undergo gradual denaturation under 
normal conditions. This probably indicates that the enzyme is less readily 
denatured by heat when under pressure. The data also indicate that a 
very small volume change is involved. Calculation of the change in volume 
from the observed increase of the specific rate constant with pressures up 
to 680 atm. has also been made by Werbin & McLaren (68) for the hydrolysis 
of casein and of tyrosine ethyl ester by chymotrypsin and for the hydrolysis 
of lactoglobulin, benzoyl-L-argininamide, benzoyl-L-arginine isopropyl 
ester, and L-arginine methyl ester by trypsin. Peptide hydrolysis followed 
zero-order kinetics; hydrolysis of the two proteins was a first-order reaction. 
Small increases in rate with pressure (corresponding to very small decreases 
in volume) were observed except for B-lactoglobulin, where the increase in 
rate with pressure was greater, and for the two benzoylated arginine deriva- 
tives, whose rates of hydrolysis were not affected at all by pressure. 

Curl & Jansen (69) investigated the behavior of pepsin, trypsin, chymo- 
trypsin, and chymotrypsinogen in the range of pressure where these enzymes 
are inactivated. In general, these proteins lost their enzymic properties 
under pressures of 4500 to 7560 atm., but the extent of inactivation was also 
greatly dependent upon the concentration and pH of the solutions. Trypsin 
and chymotrypsin were decidedly more stable in acid media; pepsin exhibited 
a clear-cut optimum of resistance to pressure at pH 3.5. More concentrated 
solutions of pepsin withstood pressure better, whereas the reverse was true 
of trypsin and chymotrypsin. A very puzzling observation was made that 
repeated applications of pressure were far more damaging than long-con- 
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tinued pressure. As a possible explanation, the authors suggest that the effect 
of pressure is two-fold: part of the enzyme undergoes a reversible change to 
a form more resistant to pressure; another part is simultaneously and 
irreversibly inactivated. Thus, each time the pressure is released some of 
the pressure-resistant form changes back to the original form, a part of 
which is inactivated on the next application of pressure. 

The activation of chymotrypsinogen by trypsin was markedly inhibited by 
pressures (1000 to 3000 atm.) too low to inactivate the individual proteins. 
On release of the pressure, the activation proceeded at almost the same rate 
as in controls. 

Action on synthetic substrates—It may be noted that the activation 
[ES]—[ES]* is not the only activation step that might be postulated as 
occurring in an enzymatic reaction. [See Neurath & Schwert (35).] An impor- 
tant communication by Sprinson & Rittenberg (70) gives a chemical inter- 
pretation to an activation occurring somewhere in the series of reactions. 
Carbobenzoxy-L-phenylalanine was incubated in H,O" with and without 
chymotrypsin. It could be demonstrated that in the presence of the enzyme 
the oxygen atoms of the carboxyl group became exchanged with those of 
the medium. The presence of another protein (serum albumin) had no 
marked effect; nor did L-phenylalanine itself undergo the exchange reactions 
under the influence of chymotrypsin. In a similar experiment with glutamic- 
alanine transaminase (i.e., minced pig heart) it could be shown that L- 
leucine, containing both N™ and deuterium in the a-amino group, lost the 
deuterium but not the nitrogen to the aqueous medium (with p-leucine 
neither was lost). However, on the inclusion of a-keto-glutaric acid to the 
system, N® as well as deuterium was lost. 

It is easy to imagine chemical reactions which might account for the 
mechanism of the exchange, but the authors refrain. They do point out, 
however, that carbobenzoxy-L-phenylalanine was not hydrolyzed by chymo- 
trypsin, nor did L-leucine undergo transamination under their conditions. 
(A reviewer might note that according to present ideas, the activation of an 
enzyme-substrate complex should lead to its immediate dissolution into end- 
products. Apparently the activation described here does nothing of the kind. 
Thus, the lack of the structure essential to a substrate of the enzyme is no 
bar to the activation.) The catalysis of exchange reactions by enzymes is of 
course no novelty. That the exchange may occur without the breakup of 
the substrate is also shown by Fruton and others to be true of transamination 
and transpeptidation reactions (71). In the latter case, a tagged amino acid 
in the medium is shown to have replaced that amino acid in the unhydrolyzed 
residue of the substrate. 

The peptolytic activity of carboxypeptidase on a number of unnatural 
substrates has been investigated by Dunn & Smith (72) and Dunn & Dittmer 
(73). Carbobenzoxyglycyl-8-2-thienylalanine and its analogue carbobenzoxy- 
glycyl-8-3-thienylalanine were split at the same rate despite the obvious 
architectural difference between the two compounds; whereas carbobenzoxy- 
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B-1-naphthylalanine and the analogous carbobenzoxy-$-2-naphthylalanine 
were split at decidedly different rates (the former being a very poor sub- 
strate). On the other hand, carbobenzoxy-glycyl-p-tolylalanine and carbo- 
benzoxyglycyl-L-tyrosine were split at equal rates. It is apparent that 
carboxypeptidase is an enzyme of broad specificity, and the authors conclude 
that this propet ‘ty is owing to a combination of enzyme and substrate held 
together in part at least through Van der Waal’s forces rather than primary 
valences. 

It is perhaps unfortunate that much of the work on synthetic substrates 
has to be done in aqueous solutions of methanol or ethanol, because the 
substrates are too insoluble in water. These authors state, however, that a 
study of this point has shown methanol to act as a noncompetitive inhibitor; 
that is, as though it merely reduces the enzyme concentration. Nevertheless, 
the variety of reactions of which proteinases are capable makes the presence 
of almost anything in high concentration somewhat suspect. 

The synthesis of new peptides of serine has enabled Harris & Fruton 
(74) to observe their scission by aqueous extracts of hog kidney cortex. 
This was markedly activated by manganese (but not by cobalt, magnesium, 
zinc, or iron). 

Very few dehydropeptides are susceptible to enzymatic hydrolysis, but 
Levintow, Shou-Cheng, Price & Greenstein (75) have added the following to 
the list: glycyldehydroaminobutyric acid, glycyldehydronorvaline, and 
glycyldehydronorleucine. The new substrates were hydrolyzed at about 
one-fourth the rate of glycyldehydroalanine by preparations from kidney, 
liver, and pancreas. Enzyme preparations from tumor tissue, however, did 
not show the corresponding activity on the new peptides that they show on 
glycyldehydroalanine. The dehydropeptidase activities of tumor tissues 
thus differ from other tissue. 

A search for new activities of the proteolytic enzymes has also continued. 
Janszky (76), using the more accurate methods now available, has confirmed 
the previous work of Eagle (77) that there is a definite relation between the 
proteolytic and blood-clotting activities of snake venoms. This author 
considers both effects may be caused by the same factor in the venom, for 
on heating the venom of Bothrops atrox both activities are destroyed at the 
same rate. However, the ratio of coagulating to proteolytic activity varied 
as much as six-fold when different venoms (seven in all) were compared. 
[A similar wide variation must be assumed to exist in the clotting and lytic 
activities of the several venom proteinases (cf., rennin and chymotrypsin).]} 

A new reaction of trypsin, chymotrypsin, pepsin, and rennin has been 
reported by Holter & Li (78) who found that these enzymes hydrolyze 
N-(p-chlorophenyl)-amidophosphoric acid. Rennin, chymotrypsin, and 
pepsin all have a fairly constant ratio of milk-clotting to phosphoamidase 
activity. This leads the authors to repeat the old suggestion of Holter that 
the first step in milk-clotting is not proteolysis but the breaking of a P—N 
bond in casein. However, trypsin constitutes an exception since it does not 
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coagulate miik, which the authors believe may be explained by the high 
proteolytic activity of trypsin at the pH of milk-clotting. The foregoing 
results raise the question as to whether rennin has any true proteolytic power 
at all. In this connection, Nitschmann & Varin (79) were able to measure 
a small but appreciable decomposition of casein by crystalline rennin with 
the alcoholic titration method. Massive doses of enzyme and lengthy incu- 
bations (up to 24 hr.) were required. On the other hand, coagulation occurred 
in these systems when only a small fraction of the ultimately measurable 
acid production had occurred. The authors are inclined to the view that 
some bond other than CO—NH is split in the clotting process. 

It may be noted that the work previously recounted attacks the question 
of enzyme action from the vantage point of the substrate rather than the 
active part of the enzyme itself. A very direct attack on the nature of 
the peptidases has been made by Smith & Lumry (80), and it has been well 
summarized in the reference. Peptidases are considered to be metallo-protein 
complexes which combine with their substrates by formation of a chelate 
ring that in part at least involves the metal atom through its subsidiary 
valences. A duofold anchoring of enzyme to substrate is a necessity of this 
theory; a manifold anchoring appears usually to fit the known facts of speci- 
ficity better. 

The instances where metals, particularly magnesium, manganese, and 
cobalt, have been observed to activate peptidases are becoming quite 
numerous. Likewise, the inhibition of such enzymes by ions capable of 
s€questering the activating metal is an observation of everyday occurrence. 
There is little, if any, reason for doubting that such peptidases are metal 
complexes. The ability of typical substrate peptides to form complexes 
with metal ions without enzymic help is also striking. Gilbert, Otey & Price 
(81) have prepared several of the red complexes of cobalt with dipeptides 
such as glycylglycine, alanine, etc. Such complexes contained additional 
oxygen, and (without the enzyme) did not form anaerobically. In the pH 
range (pH 7 to 9) where ‘“‘hog-kidney peptidases” are active, such complexes 
form readily, and incidentally their formation can effectively reduce the 
concentration of hydrolyzable peptide and of metal. They are not neces- 
sarily hydrolyzable by hog-kidney extracts. 

The argument has lately confined itself to whether or not the pancreatic 
peptidase, carboxypeptidase, is a metallo-protein. (It is true that carboxy- 
peptidase is the only crystalline peptidase available; if its metallic nature 
could be proved, the evidence for the whole theory would be very strong 
indeed. But it may be noted that this enzyme is somewhat anomalous as 
a peptidase, and its exclusion from the rule would by no means upset what 
appears to be a very promising theory.) Evidence in favor of the metallic 
nature of carboxypeptidase is somewhat sketchy. The spectroscope shows 
Mg which dialysis does not remove. Moreover, the enzyme, as shown by 
Smith & Hanson (82), is inhibited by ortho- and pyrophosphate and by 
oxalate and citrate. On the other hand, Neurath & de Maria (83) claim that 
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this is due to the competitive inhibition of the liberated amino acid in the 
presence of the respective anions. The fundamental pace-making constants 
of the reaction are virtually independent of ortho- and pyrophosphate con- 
centrations. (The question will doubtless be settled soon, and the answer 
will not greatly affect the status of the other peptidases.) 


KINETICS 


Crystalline chymotrypsin has remained a favorite enzyme for kinetic 
studies, and several extensive examinations of the kinetics of the chymotryp- 
tic hydrolysis of synthetic substrates have been made recently. 

Niemann and his collaborators have studied the action of this enzyme 
on a series of acylated amino acids and their derivatives, some of which are 
inhibitors, others substrates, and have compared the behavior of these sub- 
stances in terms of the classical kinetics of Michaelis. The amides of nicotiny! 
amino acids (namely, nicotinyl-L-phenylalanine amide, --- -L-tyrosinamide, 
--- -L-tryptophan amide and --- -L-methioninamide) were discovered by Iselin, 
Huang, MacAllister & Niemann (84) to be very good substrates for chymo- 
trypsin, possessing several advantages over the substances in common use, 
notably greater solubilities. Moreover, nicotinyl-L-tyrosyl hydrazide is 
hydrolyzed (85). The analogous benzoyl-L-tyrosine hydrazide was noted by 
Kaufman, Neurath & Schwert (86) not to be an inhibitor of the hydrolysis 
of benzoyl-L-tyrosine amide, which is also an excellent specific substrate. 
Huang & Niemann (87) and Thomas, MacAllister & Niemann (88) have 
found that the p forms of nicotinyltryptophanamide and acetyltryptophan- 
amide are inhibitors with stronger affinities for the enzyme (as expressed by 
Kj, values) than the corresponding L-compounds possess. The inhibition is 
competitive. When both the p and L forms of a compound are inhibitory to 
chymotrypsin (e.g., tryptophanamide), the p form is still more firmly bonded 
to the enzyme. The tyrosine analogues behave similarly (89). The preference 
of the enzyme for the unnatural p forms may, the authors believe, become 
an important fact in unraveling the mode of action of chymotrypsin. 

Huang & Niemann (90) in a series of papers have pursued the inhibition 
of chymotrypsin by unnatural enantiomorphs still further and conclude that 
the same active site of the enzyme is involved in binding both substrate and 
inhibitor. They point out that the idea can no longer be held that the 
unnatural form cannot combine with the enzyme because of its configuration. 
In fact, good substrates of the L form are good inhibitors in the p form. 

A somewhat different view of the classical kinetics of Michaelis is taken 
by Neurath and co-workers, who put an activation step into the equation, 
thus: 


k 
E+S 2 [Es] “S [es]}* + E + products. 


Here 
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Accordingly, not the entire amount of [ES] present takes part in the break- 
down step, but only that portion of it sufficiently activated to overcome the 
energy barrier; albeit the activated portion is essentially all decomposed. 
[See Neurath & Schwert (35).] Snoke & Neurath (91) have again pointed 
out that in this concept Ky really expresses a steady state between two 
reactions rather than an affinity between enzyme and substrate. K,, and k; 
(in earlier papers k’) are kinetic constants. In effect ks represents the rate 
of activation. The temperature dependence of ks permits the calculation of 
energy constants (the heat, free energy, and entropy of activation) that are 
independent of the formation of the enzyme-substrate complex, and are 
characteristic only of the activation step [ES]--[ES]*. Therefore, the Ky 
value is not an outright measure of the affinity of the enzyme for the sub- 
strate in question, and a comparison of K, values does not necessarily repre- 
sent the respective relative affinities involved. The true affinity constant is 
indeterminate (86). 

The authors determined the effect of various a-substitutions in methyl 
hydrocinnamate on the velocity of hydrolysis by a-chymotrypsin. The 
presence of benzamido and acetamido groups as substituents characterized 
the respective substitution products (to wit: benzoyl-L-phenylalanine 
methyl ester and acetyl-L-tyrosine methyl ester) by a notably higher rate 
of activation and a lower heat of activation. 

The esterolytic activity of the pancreas proteinases has naturally 
called forth a further search for substrates. As great a variation in sus- 
ceptibility to chymotryptic hydrolysis has been found among esters as 
among peptides and amides. A comparison of the two types of specificity 
by Kaufman, Neurath & Schwert (86) makes it evident that the best ester 
substrates (N-benzoyl-L-tyrosine ethyl ester and N-acetyl-L-tyrosine ethyl 
ester) are hydrolyzed considerably faster than glycyl-L-tyrosinamide, which 
was considered a very good C—N substrate. (This observation holds whether 
Km or k’ is the criterion.) 

Several authors (39, 43, 92, 93) have pointed out the great variation in 
the pH optima of hydrolysis between ester substrates of chymotrypsin; 
thus the need for ascertaining the optimum for each separate case. 


SYNTHESIS 


Although some of the work reported in this section was covered in the 
preceding volume under ‘“‘The Metabolism of Proteins and Amino Acids,” 
by Borsook & Deasy (93a), it is summarized here for completeness. Peptide 
synthesis by proteolytic enzymes has received considerable attention during 
the period covered by this review; and since synthetic action is of such 
importance, special attention will be given this subject. 

Brenner, Miiller & Pfister (94) found a new type of enzyme synthesis, 
catalyzed by the action of chymotrypsin. The reaction consisted in the con- 
version of certain amino acid esters into di- and tripeptides and possibly 
larger peptides. When relatively high concentrations of methionine isopropyl 
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ester were used, as much as 30 per cent of the ester was converted into pep- 
tides. Chromatography was used to indicate the presence of the peptides. 
Later the synthetic action was proved by the isolation of L-threonyl-L- 
threonine as its N-tosyl derivative and of the di- and tripeptide of L-methio- 
nine from the reaction mixtures resulting from the action of chymotrypsin on 
the isopropyl esters of pL-threonine and pL-methionine respectively (95, 
96). The methionine peptides and their derivatives were compared with 
those chemically synthesized. Free amino acids were always produced in 
the synthesis, the amount formed from the respective esters increasing in 
the order of threonine, methionine, phenylalanine, tyrosine, and tryptophan. 
This is also the order found by Kaufman & Neurath (97) in regard to the 
influence of the side chain on the action of chymotrypsin. This synthetic 
action of chymotrypsin suggests a possible mechanism for the synthesis of 
proteins by the proteinases, with the esterification of the amino acids or 
peptides possibly requiring the intervention of another enzyme system. 

Of note is the synthesis of peptides in enzymatic reactions involving 
glutathione observed by Hanes, Hird & Isherwood (98). Here again chroma- 
tography was used for identification of the reaction products. When an en- 
zyme prepared from kidney was used with 0.05 M glutathione, the chroma- 
tograms indicated three as yet unidentified peptides in addition to the 
expected reaction products. These could in turn be intensified by separately 
adding to the hydrolyzing mixture the amino acids occurring in glutathione. 
Furthermore the presence of phenylalanine during the hydrolysis led to the 
formation of y-glutamylphenylalanine. Similarly in the presence of leucine 
or valine, y-glutamylleucine or y-glutamylvaline was formed. Hence the 
kidney enzyme is a carboxyltranspeptidase and these results suggest a new 
role for glutathione, namely, that it is involved in protein synthesis. In this 
connection Speck (99) and Johnston & Bloch (100) have indicated that the 
biosynthesis of glutamine and glutathione from the constituent amino acids 
involves the intervention of adenosinetriphosphate (ATP). Fruton, 
Johnston & Fried (71) consider that the energy for the synthesis of peptide 
bonds might be funneled through a small number of peptide bonds such as 
glutamine and glutathione. 

Amide transpeptidation has been extensively studied by Fruton and his 
colleagues (71, 101, 102). They found that cysteine-activated papain 
catalyzes the replacement of the amide N of benzoylglycinamide by N® 
from labeled ammonium, (3.5 per cent having been transferred after 30 to 40 
per cent of the substrate had been hydrolyzed), a replacement favored by 
a shift of pH from 5 to 8. Either papain or cathepsin replaced the amide 
group of certain acylamino acid amides with hydroxylamine, the hydroxamic 
acid so formed being determined colorimetrically. The enzymes failed .to 
cause amide formation with the acylamino acids themselves; hence the 
transfer necessitated simultaneous hydrolysis. The disparity between the 
pH optima for hydrolysis and for transamidation suggests that transamida- 
tion may represent a major reaction in living cells at physiological pH values, 
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whereas after death of the cell, the pH shifts to more acid values, resulting 
in the intracellular proteinases becoming exclusively hydrolytic. 

Partial hydrolysis of benzoyl-L-tyrosylglycinamide (BTGA) by chymo- 
trypsin in the presence of glycinamide containing N* resulted in the forma- 
tion of BTGA containing N™ in an appreciable amount. Curiously the ex- 
change of the amide nitrogen by N"™-containing ammonia was not catalyzed 
by this enzyme. 

Both papain and chymotrypsin were found to be capable of elongating 
peptide chains. Partial hydrolysis of benzoyl-L-tyrosinamide by chymotryp- 
sin in the presence of N-containing glycinamide causes the formation of 
isotopic BTGA. It was further shown that only a small fraction of the 
BTGA could have originated from benzoyl-L-tyrosine. Furthermore, these 
authors observed that papain catalyzes transamidation reactions in which 
the amide group of a suitable carbobenzoxyamino acid is replaced by an 
amino acid amide or peptide, e.g., 

Carbobenzoxyglycinamide + 1-glutamyl-L-tyrosine= 
Carbobenzoxyglycyl-L-glutamy]-t-tyrosine + NH; 


The reaction products were identified by chromatographic techniques 
after the removal of the carbobenzoxy group by hydrogenolysis. Calculations 
of the free energy change (AF) in the chymotrypsin peptide synthesis gave 
a value of +1000 kcal. per mole, a value considerably lower than the 
generally accepted average figure of 3000 kcal. It is evident, therefore, from 
the work of this group, and as they suggest, that protein synthesis might 
proceed through a small number of peptide bonds formed by another mech- 
anism. 

Considering the ease and frequency of in vitro enzymatic peptide syn- 
thesis, the study of peptide and protein structure by the identification of 
their enzymatic hydrolysis products might be seriously questioned. Fruton, 
Johnston, & Fried (71) state: 


The possibility cannot be excluded that replacement reactions may occur in the 
course of the action of chymotrypsin, and of other purified proteinases, on proteins 
in vitro; this would lead toa rearrangement of the sequence of the amino acid residues, 
and thus influence profoundly the outcome of studies directed to the identification of 
the peptides formed on partial hydrolysis of protein substrates. 


As an example, Waley & Watson (103) found that in the hydrolysis of lysyl- 
tyrosyllysine by a mixture of trypsin and chymotrypsin, lysyllysine was 
formed. The latter was identified by chromatographic methods. The forma- 
tion of the intermediate hexapeptide, lysyltyrosyllysyllysyltyrosyllysine, 
with subsequent hydrolysis was excluded by the fact that the lysyllysine 
was formed during the hydrolysis of lysyltyrosylleucine. Waley and Watson 
postulate a carboxyl transpeptidation thus: 


lysine + lysyl / tyrosyllysine — lysyllysine + tyrosyllysine 


The extreme in the “scrambling” of the sequence of amino acids through 
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synthetic action is suggested by the work of Tauber (104), who found that 
the action of chymotrypsin on relatively high concentrations of peptic 
digests of several proteins or on lower concentrations in the presence of salts 
(105) resulted in the formation of protein-like substances which had molecu- 
lar weights of 250000 to 500000 and which showed no inhomogeneity on 
electrophoretic analysis. The synthetic products resulting from the digests 
of fibrin and egg albumin contained greater amounts of isoleucine and valine 
but lower amounts of threonine and glutamic acid than did the parent pro- 
teins. The synthetic fibrin contained lower amounts of glycine, leucine, and 
lysine than does normal fibrin. Hence, certain types of peptide bonds are 
selectively utilized in the synthetic action of chymotrypsin; and, should this 
reaction proceed even to a small extent at lower concentrations and in the 
absence of salts, considerable scrambling of the amino acid sequence would 
result. 

The Bergmann-Fraenkel-Conrat (106) amino acid anilide synthesis by 
papain has been considerably extended. Particular attention has been given 
to the separation of racemic mixtures of amino acids, the involvement of the 
D form in the synthesis, the influence of the N-acyl group and pH on synthesis 
and the amino acid “‘preferences’’ of papain. Polglase & Smith (107) sepa- 
rated racemic,carbobenzoxy-alanine by making use of the fact that cysteine- 
activated papain formed the anilide of the L form which crystallized out of 
the reaction mixture. The p form was separated from the mother liquor. 
After anilide formation of the L form and subsequent hydrolysis of its anilide, 
Doherty & Popenoe (108) purified the L amino acids by adsorption tech- 
niques. The lack of optical specificity in the synthesis with certain dérivatives 
of amino acids was demonstrated by Milne & Stevens (109), who found that 
N-carboallyloxy-p-leucine was convertible to its phenylhydrazide by the 
action of papain. Starting with the pt mixture, the L derivative first crystal- 
lized out of the reaction mixture and subsequently both the p and 1 deriva- 
tives crystallized, the amount of D in the mixture being dependent upon the 
time of action of the papain. Bennett, Schuller & Niemann (110, 111) 
have determined the effect of the type of N-acyl group on the participation 
of the p form of phenylalanine in the synthesis. N-Acetyl-p-phenylalanine 
failed to form a hydrazide. The benzoyl derivative reacted to a limited extent, 
whereas the carboethoxy or carbobenzoxy derivatives readily formed a 
hydrazide. The size of the acyl group was apparently not involved and an 
explanation of these results must be sought elsewhere. Albertson (112) 
studied the influence of the N-acyl group and pH on the anilide synthesis 
by papain and has tabulated the physical properties of the various acyl 
amino acid anilides prepared by him and others. Fox and his colleagues 
(113, 114, 115) have extensively studied the influence of pH, buffer concen- 
tration, the nature of the N-acyl group and the “‘preference” of amino acids 
for the papain synthesis of anilides. Of particular note was their observation 
that the pH optimum for synthesis was dependent upon the N-acyl amino 
acid used as substrate. Although pH 5.0 was the optimum for the papain syn- 
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thesis of the anilide of benzoylglycine, benzoyl-L-tyrosine failed to form an 
anilide at this pH. However at pH 6.25 the latter formed an anilide in good 
yields. 

Greenstein and his co-workers (116) have extended their work on the 
separation of racemic mixtures of amino acids by the specific hydrolysis of the 
N-acyl derivative of the L form rather than by the synthesis of the anilides. 
All of the N-acyl derivatives of the common amino acids except arginine, 
cystine, proline, and hydroxylproline are asymmetrically hydrolyzable 
by enzyme preparations from porcine kidney and liver and bovine pancreas. 
Racemic histidine and S-benzylcysteine were separated by the hydrolysis 
of the respective amides by enzyme preparations obtained from porcine 
liver and kidney (117). Neuberg & Mandl (118) have found that acylase is 
present in several commercial enzyme preparations. These authors as well 
as Fordor. Price & Greenstein (119) studied the influence of the nature of 
the acyl group on the asymmetric hydrolysis. Only differences in rates of 
hydrolysis were observed. By the use of L- and D-amino acid oxidase and 
glutamic and aspartic decarboxylases, the Greenstein group (120) found 
that the resolved amino acids so prepared contained less than one part in 
1,000 of the antipode. 

Comparable with the synthetic action of papain, certain microorganisms 
contain an enzyme capable of forming y-giutamo- and B-aspartohydroxamic 
acids from hydroxylamine with glutamine and asparagine respectively (121). 
The hydroxamic acids were isolated and identified and found to be hy- 
drolyzable by the same enzyme preparation. A similar if not the same enzyme 
was found in plants by Stumpf & Loomis (122) and in animal tissues by 
Waelsch (123). The reaction was reversible (124). 


TECHNIQUES 


This section is concerned mainly with new or revised methods of protein- 
ase assay. Iselin & Niemann (125) have proposed the use of nicotinyl-L-tryp- 
tophanamide and the corresponding phenylalanine derivative as a substrate 
for chymotrypsin. The amines they used as buffers function well in the 
optimum range for this enzyme. Since certain N-acyl hydroxamic acid 
derivatives of amino acids give a red color with ferric ion and since these 
substances are hydrolyzable by chymotrypsin, Iselin, Huang & Niemann 
(126) have proposed these derivatives as assay substrates for chymotrypsin. 
In addition to ease of hydrolysis and determination, they have the advan- 
tage of saturating the enzyme at relatively low concentrations. 

A sensitive photometric ninhydrin method for measuring proteolysis 
has been proposed by Schwartz & Engel (127). An improved ninhydrin 
reagent was developed which produced solutions conforming to Beer’s 
law. As was to be expected, however, not all peptides or amino acids gave 
the same intensity of color. 

Burdon & Mudd (128) have developed a method for the determination 
of trypsin and its inhibitors. The method is intended for clinical use and is 
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based upon the digestion of the gelatin in an exposed and developed photo- 
graphic film, the amount of clearing of the film being being proportional to 
the trypsin activity. 

Two sensitive methods of determining proteolysis based upon the 
ability of native proteins to bind dyes have been reported. Greif (129) 
used the dye bromsulfalein, and Carroll (130) anionic dyes such as orange I. 
In either case the disappearance of micrograms of protein can be detected. 

Carboxypeptidase hydrolyzes carbonaphthoxyphenylalanine to naphthyl- 
carbonic acid, the latter decomposing spontaneously to B-naphthol (131). 
The 8-naphthol was measured colorimetrically by coupling it with tetrazo- 
tized diorthoanisidine. 

The method of determining papain activity proposed by Erdos (132) 
has little to recommend it since colorimetric methods now in use measure 
the amount of trichloroacetic acid-soluble tyrosine formed by proteolysis. 

By arithmetical manipulation Miller & Johnson (133) found that the 3/2 
power of the number of milligrams of trichloroacetic acid sbluble nitrogen 
produced when a proteinase acts on proteins was a linear function of the 
amount of proteinase used. The results remind one of the well-known Schutz 
Rule. However, the use of exponential functions based on empirical observa- 
tions would seem to be advisable only after repeated efforts have failed to 
carry out the reaction with zero order kinetics, under conditions where the 
hydrolysis is directly proportional to the amount of enzyme. 

McKerns (134) has apparently successfully applied paper chromatog- 
raphy to the separation of enzymes. He chromatographed rennin on paper 
using a solution of sucrose in one direction and tartaric acid salts in the 
other. Hemin migrated with the proteins so that he could locate the protein 
areas with the benzidine-peroxide reaction. Rennin was thus separated from 
inert protein and several fractions were found with enzyme activity. Whether 
or not these fractions represent distinct molecular species is not known. 


CLINICAL APPLICATIONS 


Using t-leucylglycylglycine as a substrate Cullen e¢ al. (135) were 
unable to find any clear-cut relationship between the cellular composition 
of the blood and the serum peptidase level under various pathological con- 
ditions, in pregnancy, and following the administration of ACTH. On the 
other hand, Schwartz & Engel (136) found that the plasma peptidase level, 
as measured with the same substrate, fell in patients who responded to 
ACTH. Upon cessation of therapy and clinical relapse, the level again rose. 
Moreover, in the case of patients who did not respond to ACTH therapy, 
no change in the plasma peptidase occurred, irrespective of whether pre- 
treatment levels were high or normal. They conclude that their studies 
lend credence to the hypothesis that changes in plasma peptidase reflect 
changes in clinical status and are not necessarily mediated through the 
adrenal cortex. 

Weiss & Schultz (137) found that homogenates of tuberculous rabbit lung 
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tissue possessed a greater ability than normal lung tissue to hydrolyze ben- 
zoylargininamide. Since serum peptidase levels increase in burns and shock 
and since the leucocyte and lymphocyte contents of such sera are likewise 
high, Smith et al. (138) suggest that the breakdown of these cells is respon- 
sible for the increased peptidase. Using the appropriate substrates and ac- 
tivators for four peptidases, they found that erythrocytes were probably 
the source of these peptidases in sera of dogs with experimental hemolytic 
anemia produced by phenylhydrazine, but when the sera of several human 
patients having hemolytic anemia were assayed, only one possessed high 
peptidase activity. Gerbi (139) found more cathepsin in the aqueous ex- 
tracts of ischemic kidney from hypertensive rabbits than in those from 
normal kidney. The variations in the proteolytic activity of several animal 
species including man have been investigated by Cliffton and co-workers 
(140, 141). 

The euglobin fraction of serum contains an active proteinase and a 
precursor, plasfninogen, which can be activated by kinases of bacterial ori- 
gin. The activation pattern varied markedly with the species; plasminogens 
derived from dog, rabbit, guinea pig, and monkey sera were activable by 
staphylokinase (obtained from a culture of virulent Staphylococcus aureus), 
whereas that from human sera was only slightly activable, but it could be 
activated by streptokinase. On the other hand, plasminogen derived from 
horse, cow, pig, and chicken sera was not activated by any kinase thus far 
employed. Ratnoff, Hartmann & Conley (142) prepared the zymogen of 
human plasma free of prothrombin, thrombin, fibrinogen, plasma thrombo- 
plastin, and accelerator, and found that streptococcal fibrinolysin activated 
this purified precursor. These authors conclude that proteolysis by the acti- 
vated plasma proteinase is probably not an essential stage in the coagulation 
of the blood. 

Montgomery ef al. (143) found that crystalline trypsin could replace 
raw pancreas, pancreatic juice, or large amounts of choline or methionine 
in the prevention of fatty liver formation in insulin-treated depancreatized 
dogs. The methionine could not be replaced by unhydrolyzed protein 
(casein). The effect was not confined to trypsin, since papain also was 
effective. 

Croxatto & Croxatto (144) had previously shown that pepsin acting 
on plasma globulin fractions containing hypertensinogen produced a hyper- 
tensive principle, pepsitensin. Croxatto, Rojas & Barnafi (145) now find 
that pepsin acting on a purified concentrate of pepsitensin produces an 
antidiuretic substance which was not present prior to the treatment. 
This substance is probably a low molecular weight peptide since the activity 
dialyzes slowly. 
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NONOXIDATIVE, NONPROTEOLYTIC ENZYMES! 


By Kurt I. ALTMAN? AND ALEXANDER L. DouncE® 


Departments of Radiation Biology and Biochemistry, The University of Rochester 
School of Medicine and Dentistry, Rochester, New York 


INTRODUCTION 


The field of nonoxidative nonproteolytic enzymes has become so exten- 
sive that the construction of a short but critical review of the progress 
accomplished in one year is very difficult. It has become necessary to delete 
certain sections of this review which may be covered in subsequent volumes 
(amino acid esterases; choline esterases; amylases and other enzymes of 
carbohydrate degradation; carbohydrate phosphorylases and other enzymes 
of carbohydrate synthesis; glycosidases; mucases; and pectases and pecti- 
nases). 

AMIDASES 


Zittle has reviewed these enzymes (1). Of 47 different amides tested 
by Bray et al. (2), 20 were hydrolyzed by liver amidase. Aliphatic amides 
with chain lengths of 5 to 10 carbon atoms were hydrolyzed with ease, as 
were o-phenyl-substituted and aromatic amides. The authors claim that 
only one enzyme participates in the hydrolysis of a variety of amides. The 
enzyme preparations were devoid of urease activity and could be differenti- 
ated from arginase. 

An adaptive enzyme which splits cyanamide, yielding ammonia and 
urea, has been found by Lamaire & Brunel (3) in fungi (Sterigmatocystis 
nigra) grown in the presence of 20 per cent cyanamide. 

Meister & Tice (4) have found that pyruvate and a number of other 
a-keto acids cause an acceleration of the deamidation of glutamine in the 
presence of the supernatant fraction from rat liver homogenates. The amide 
nitrogen is liberated as ammonia, while the a-amino nitrogen replaces the 
keto group on the added a-keto acid by transamination. Nevertheless, 
glutamate did not seem to be an intermediate, since this substance was 
found to undergo transamination much more slowly than did glutamine, 
with all a-keto acids studied except pyruvic and a-ketobutyric acids. It 
was not possible to separate the deamidation and transamination reactions, 
but the transamination reaction may have preceded deamidation. 

Urease—Ambrose et al. (5) have made:an elaborate physicochemical 
study of the inactivation of crystallized urease by silver ions, and measured 


1 The survey of the literature pertaining to this review was concluded in Novem- 
ber, 1951. 

* This work is in part supported by the United States Atomic Energy Commission 
at the University of Rochester Atomic Energy Project, Rochester, New York. 

3 Supported in part by a research grant from the National Cancer Institute, Na- 
tional Institutes of Health, Public Health Service. 
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both the total concentration of silver and the concentration of unbound 
silver ions. The inhibitions by silver were reversed by the formation of a 
known amount of bromide in the presence of a small amount of crystalline 
silver bromide. Application of mass law considerations showed that silver 
in low concentration combines with identical and mutually independent 
groups on the enzyme. About three to four atoms of silver were calculated 
to be combined with one molecule of urease at complete inhibition. At high 
concentrations of silver, silver ions are bound by other groups than those 
concerned with enzyme activity. 

This is a definite advance in the study of the reaction of heavy metals 
with urease, since account has been taken of the amount of free metal 
present. If silver is blocking active sites on the enzyme molecule, as seems 
practically certain, there cannot be more than four such active sites per 
molecule. Work (6) on the inactivation of crystalline urease by heavy metals 
and other reagents appears to have been overlooked. 

Fasman & Niemann (7) conclude that urease can be activated by anions 
such as phosphate and chloride, and inhibited by cations such as sodium 
and potassium. With a given buffer, the net effect may therefore be the 
resultant of two opposing tendencies, and the enzyme may appear to be 
activated and subsequently inhibited as buffer concentration increases. If 
this interpretation is correct, a considerable amount of the work already 
published on the kinetics of urease will need re-evaluation. 


AMIDE TRANSFERASES 


A new group of enzymes capable of catalyzing the transfer of the glutamy] 
or aspartyl radical of glutamine or asparagine to amines such as hydroxyl- 
amine (forming in the latter instance hydroxamic acids) has been found by 
Grossowicz et al. (8). The name “glutamo- and asparto-transferases”’ is 
proposed. Extracts containing the transferase also catalyze the exchange 
of the amide nitrogen of glutamine with ammonia. This group must be 
distinguished from those enzymes which catalyze the synthesis of asparto- 
or glutamohydroxamic acids from glutamic or aspartic acid and hydroxyl- 
amine in the presence of adenosinetriphosphate (ATP) and Mg". In the 
studies of Grossowicz and co-workers, a cell-free extract of Proteus vulgaris 
was used. The pH optima for a-glutamo- and f-asparto-transferases were 
pH 6.2 and pH 8.0, respectively. Splitting of aspartohydroxamic acid 
(not glutamohydroxamic acid) goes on simultaneously with aspartohy- 
droxamic acid synthesis, and probably accounts for the two pH optima. 
The transferase enzymes are apparently specific for glutamine and aspara- 
gine, and are not affected by phosphate, magnesium, and manganese. 
These enzyme preparations will also catalyze hydroxamic acid formation 
from glutamic acid and hydroxylamine, if ATP and magnesium are added. 
However, no aspartohydroxamic acid is formed by such a system. The 
action of the transferases explains to some extent the bacteriostatic proper- 
ties of hydroxylamine for microorganisms, such as P. vulgaris or Lacto- 
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bacillus arabinosus, whose utilization of glutamine and asparagine is appar- 
ently blocked by hydroxylamine. The growth-inhibition resulting from 
hydroxylamine is reversed by supplying glutamine, asparagine, or ammonia. 
[Borek e¢ al. (9)]. 

Schou ef al. (10, 11) observe that various a-amino acids, particularly 
glycine and L-aspartic acid, and such bases as ammonia and hydrazine, 
competitively inhibit glutamo-transferase activity without affecting the 
asparto-transferase. The cupric ion (5X10 mM) activated glutamo- 
transferase to the extent of 70 per cent and reversed inhibition resulting 
from glycine; but asparto-transferase was inhibited by copper. Although 
Cut* might conceivably be an integral part of the glutamo-transferase 
system, copper-complexing agents did not inactivate the enzyme. The 
glutamo-transferase system was reversible, since glutamine was formed 
when glutamohydroxamic acid and ammonia were incubated with the 
enzyme. 

A glutamyl transphorase of plants has been described by Stumpf et al. 
(12), but this enzyme differs from the transferase described above in that 
it requires ATP or adenosinediphosphate (ADP), magnesium, and phosphate 
or arsenate for its activity. It might be a mixture of a diamidase with the 
synthesizing system mentioned above. A partially purified ‘‘glutamy!trans- 
phorase”’ has been prepared from pumpkin seedlings by Delwiche et al. (13). 
The exchange of the amide nitrogen of glutamine with ammonia was demon- 
strated by the use of N'H,*. The preparation was inactive, however, with 
asparagine and other a-amino acids. 

Fruton et al. (14), and Hanes (15) have found a number of reactions 
which indicate that an amide group may be replaced by the amino group 
of an amino acid. This process has been named ‘“‘transamidation.” 


CARBONIC ANHYDRASE 


A comprehensive survey of this field has been made by Roughton & 
Clark (16). Clark & Perrin (17) have re-examined earlier claims that boiled 
plasma, lysed erythrocyte solutions, glutathione, and a number of other 
substances activate carbonic anhydrase. Careful measurements of enyzme 
activity by several methods have failed to substantiate these claims. A 
new manometric modification for determination of carbonic anhydrase 
activity has been reported (18). 


CARBOXYLASES 


Several excellent reviews covering various aspects of the carboxylase 
field have appeared during the last year, [Ochoa (19); Utter & Wood (20); 
Vennesland (21)]. In this review the term ‘‘carboxylase”’ is applied to those 
enzyme-catalyzed reactions involving the reversible removal of a carboxyl 
group accompanied by the rupture or formation of a C—C bond. 

Pyruvic acid carboxylase.—Singer & Pensky (22) prepared a highly puri- 
fied a-carboxylase from an acetone powder of wheat germ. The authors’ 
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procedure is not described but the enzyme was obtained in 90 per cent yield, 
had four times the activity of the best yeast preparation [Green et al. (23)], 
and required diphosphothiamine and magnesium for its activity. The enzyme 
also catalyzed acetoin synthesis when acetaldehyde and pyruvate were 
present, acetaldehyde alone yielding small amounts of acetoin, but pyruvate 
alone yielding none at all. Whether acetaldehyde itself or decarboxylated 
pyruvic acid is the source of the so-called ‘“‘nascent acetaldehyde” could 
not be decided. Although the homogeneity of the carboxylase preparation 
has not been completely established, evidence is presented for identity of 
carboxylase and acetoin-synthesizing enzymes. If further studies should 
confirm that decarboxylation and acetoin synthesis are catalyzed by the 
same enzyme, wheat germ carboxylase would be rather unique among 
enzymes in that a single protein would catalyze the formation of a C—C 
bond at one point of a molecule and the rupture of a C—C bond at another 
point in the same molecule. 

Dolin & Gunsalus (24), using a partially purified enzyme system, have 
studied acetoin formation from pyruvic acid. Acetaldehyde is not involved 
in this reaction. This enzyme system requires cocarboxylase and manganese, 
but not phosphate and “pyruvic oxidase factor.”’ a-Acetolactate carboxylase 
is also present in this enzyme system. 

Pasternak et al. (25) have prepared rabbit antisera against yeast car- 
boxylase. Antisera against purified carboxylase, dried yeast cells, and 
living whole yeast cells inhibited isolated carboxylase, but failed to affect 
the carboxylase activity of dried yeast cells and whole yeast cells treated 
with crystal violet. Yeast carboxylase, like yeast hexokinase, is thought to 
be an intracellular enzyme. 

According to Velluz & Herbain (26), oxythiamine triphosphate, but not 
oxythiamine acts as powerful inhibitor of yeast carboxylase by competing 
either with thiamine pyrophosphate or thiamine triphosphate for the enzyme. 
Woolley (27) has reported that pyrithiamine (neopyrithiamine) inhibited the 
synthesis of codecarboxylase from thiamine by chicken blood or by cell- 
free enzyme preparations prepared from this source. The analogue did not 
interfere with the combination of codecarboxylase with the apoenzyme. 
Pyrithiamine pyrophosphate was apparently not formed in this system, 
and the inhibition of codecarboxylase synthesis by this thiamine analogue 
was perhaps of secondary importance in the action of this compound in 
vivo, since the amount of analogue necessary for the production of biological 
effects is considerably smaller than the amount required to inhibit code- 
carboxylase synthesis in vitro. 

B-Carboxylases—Kraemer et al. (28) have reported further purification 
of oxaloacetic carboxylase from plant sources. It was not possible to separate 
the carboxylase activity from the triphosphopyridine nucleotide (TPN) 
catalyzed ‘‘malic’’ enzyme so that no decision concerning the identity of 
these two enzymes could be rendered. This oxaloacetic (OAA) carboxylase 
differs from OAA carboxylase of pigeon liver in that TPN, as well as its 
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alkaline degradation products, markedly inhibited the plant enzyme. 
Diphosphopyridine nucleotide (DPN) was only one-half as effective an 
inhibitor as TPN, whereas pyrophosphate had only moderate inhibitor 
activity. 

The enzymatic fixation of CO, by pyruvate has been studied by a num- 
ber of investigators. The question as to whether CO, is fixed directly into 
OAA by way of the Wood-Werkman reaction or via the ‘malic’? enzyme 
of Ochoa has been attempted but not finally answered. Utter (29) working 
with pigeon liver carboxylase has concluded that CO, is fixed by pyruvate 
through the OAA system leading to a precursor which, in the presence of 
ATP, is converted to OAA, whereas in the presence of TPN, malate is 
formed. Thus, CO, fixation in bird liver can no longer be adequately depicted 
by the Wood-Werkman reaction alone. McManus (30) has shown that 
CO: fixation by Micrococcus lysodeikticus does not require ATP and thus is 
similar to the fixation of CO: by parsley root OAA carboxylase [Vennesland 
et al. (31)], but differs from CO, fixation by the pigeon liver OAA carboxylase 
[Utter & Wood (32); Vennesland et al. (33)]. 

Kaltenbach & Kalnitsky (34, 35) found relatively large amounts of OAA 
when enzyme extracts from Escherichia coli and P. morgagnii were incubated 
at pH 8.1 with pyruvate (0.07 to 0.08 M) and high concentrations of bicarbo- 
nate (0.185 MM). The addition of phosphate, magnesium, and biotin com- 
pletes this system. Arsenite markedly inhibits OAA formation, but arsenate, 
fluoride, and malonate had no effect. Experiments with C-labeled carbonate 
revealed that the a-carboxyl group of OAA and of pyruvate were devoid 
of C*-activity. The inhibition of CO, fixation by arsenite is important, 
suggesting a coupling of the fixation reaction with acetyl phosphate or related 
compounds. 

Studies concerning the fixation of CO, into the carboxyl group of aceto- 
acetate, first described by Plaut & Lardy (36), have been continued (37). 
Acetoacetate generated by the oxidation of normal fatty acids in rat liver 
homogenates fixed considerable amounts of COs, although acetoacetate 
itself, or when generated by oxidation of B-hydroxybutyrate or valerate, 
contained only insignificant amounts of activity. When this new CO.- 
fixation reaction is superimposed upon the well-known pyruvate CO,- 
fixation, C™“ activity is found in all the carbon atoms of glutamic acid. The 
radioactivity in carbon atoms 2 and 5 is referable to the acetoacetate reac- 
tion. In liver homogenates which do not oxidize acetoacetate most of the 
C* activity is located in the a-carboxyl carbon atom of glutamic acid. If, 
however, an acetoacetate-metabolizing system from kidney is added to the 
liver homogenate, significant amounts of C™ are incorporated into carbon 
atoms 2 to 5 of glutamic acid. 

Amino acid decarboxylases—This group has been comprehensively 
reviewed by Schales (38). Roberts et al. (39, 40, 41) and, independently, 
Wingo & Awapara (42) have demonstrated that the brain contains a glu- 
tamic acid decarboxylase whose action is probably responsible for the large 
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amounts of a-aminobutyric acid present in this tissue. The current view 
that glutamic acid decarboxylase is absent from mammalian tissues must 
therefore be abandoned. The enzymatic decarboxylation of glutamic acid 
by rat brain homogenates is inhibited by HCN, NH.OH, and semicarbazide 
(10-*M) and also by aspartic acid (3 X 10-°M). The last mentioned is not 
attacked by the enzyme. In its requirements for pyridoxal phosphate, this 
brain enzyme exhibits the typical properties of an amino acid decarboxylase. 
The optimal pH is 6.3, and the enzyme possesses a high degree of substrate 
specificity. Pyridoxine deficiency in rats resulted in a 50 per cent decrease 
in coenzyme saturation of the apoenzyme, without changes in the concentra- 
tion of the latter moiety (43). According to Polonovski & Gonnard (44), 
decarboxylation of 3-, 6-, or 3, 6-hydroxyphenylalanine by guinea pig kidney 
extracts is catalyzed by partially oxidized substrate or by dopa quinone. 
Glutathione stimulated decarboxylation, but inorganic oxidizing agents had 
no effect [Gonnard (45)]. Reducing agents such as ascorbic acid inhibited 
the decarboxylation of these hydroxypheny] alanines. 

Hawkins & Walker (46) observed that t-dopa decarboxylase in the 
regenerating liver was restored to normal levels within three weeks. There 
was no increase in enzymic activity during the first two postoperative days, 
but thereafter good correlation between restoration of enzymic activity 
and increase in liver weight was obtained. Although colchicine had no 
effect on the enzyme in vitro, this inhibitor of mitosis retarded recovery of 
the enzyme in vivo. Although, in the adrenals of pyridoxine-deficient animals, 
L-dopa decarboxylase concentrations appear to be adequate for the main- 
tenance of normal levels of pressor amines, the enzyme concentration is 
insufficient for the restoration of normal levels in the exhausted adrenal 
gland. 

Contrary to Okunuki’s earlier report (47), an active L-glutamic acid 
decarboxylase occurs in barley seedlings and may be extracted by phosphate 
buffer [Beevers (48)]. Interestingly, the activity-substrate concentration 
curve is not a rectangular hyperbola. A Lineweaver-Burk plot reveals that 
one enzyme molecule combines with two substrate molecules, the Km 
being 9.6 X 10-*M. The enzyme proved to be highly specific for L-glutamic 
acid. a-Aminobutyric acid was the end product of the reaction. 

Various bacterial decarboxylases have been investigated with respect to 
their applicability in the determination and resolution of amino acids. 
Meister e¢ al. (49), using Closteridium welchit (SR 12) cells or cell-free 
preparations activated by pyridoxal phosphate, observed that this prepara- 
tion catalyzed decarboxylation of L-aspartic acid at the B-carboxyl group, 
but decarboxylated L-glutamic acid at the a-carboxyl group. Another 
unique feature of the L-aspartic acid decarboxylase system is that it is ac- 
celerated by a-keto acids, such as a-ketoglutaric acid. This effect is not 
caused by transamination resulting in glutamic acid formation, since 
a-aminobutyric acid is absent from the reaction products. The differential 
decarboxylation of the two dicarboxylic amino acids and the different pH- 
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activity curves argue for the existence of two distinct enzymes. Furthermore, 
semicarbazide and cetyl trimethylammonium bromide reversibly inhibit 
L-aspartic acid decarboxylation without affecting L-glutamic acid decar- 
boxylase activity. This is the basis for a method permitting quantitative 
analysis of mixtures of L-glutamic and L-aspartic acid, even in the presence 
of fairly high a-keto acid concentrations (50). 

Werle & Briininghaus (51), demonstrated the presence of cysteic acid 
decarboxylase in the small intestine of the guinea pig. The enzyme is acti- 
vated by pyridoxal phosphate. Since these authors also found the enzyme 
in E. coli, this, or a related microorganism may be the actual source of the 
enzyme in the intestine. The preparation of L-glutamic decarboxylase from 
radish is also reported. 

Meister et al. (52) determined the degree of contamination of an optical 
isomer of an amino acid by its optical antipode by the use of Cl. welchii 
amino acid decarboxylase. This enzymic method permits the detection of 
contaminating isomer at levels of less than 0.1 per cent. 

Krebs et al. (53) used Cl. welchii stored for 48 hr. at 4°C. at pH 4.5 to 5.0 
to determine L-glutamic acid. Camien e¢ al. (54) used glutamic acid decar- 
boxylase to prepare D-glutamic acid from its racemate. 


ESTERASES 


There is considerable confusion at the present time in distinguishing 
between esterase and lipase activity. 

Schgnheyder (55) has studied the kinetics of hydrolysis of a caprylyl- 
glycerol by a liver enzyme. Schulte et al. (56) studied the rate of hydrolysis 
of a large number of branched-chain carboxylic acid esters has been investi- 
gated by using a liver enzyme. The rate of enzymatic hydrolysis was reduced 
upon a- and f-alkyl substitution, but remained unaffected by alkylation 
more distant from the ester group. Herken & Kalow (57) report a method for 
procaine esterase based upon photometric determination of p-aminobenzoic 
acid liberated. Fodor (58) finds that there appears to be only one type of 
enzyme in liver acting both on tributyrin and esters such as methy] butyrate, 
whereas in pancreas there may be an esterase which is different from pan- 
creatic lipase. Aldridge (59) has studied the hydrolysis of diethyl p-nitro- 
phenylphosphate (a powerful inhibitor of cholinesterase) by an esterase of 
rabbit serum, which seems to have the properties of a phosphotriesterase. 
It is believed, however, that the same enzyme hydrolyzes p-nitrophenyl- 
acetate. 


8-GLUCURONIDASE 


This subject has been reviewed recently by Fishman (60). 

Bernfeld & Fishman (61) suggest that 6-glucuronidase contains a readily 
dissociable coenzyme. The enzyme activity which is lost upon dilution of 
a purified enzyme solution may be restored upon addition of a boiled and 
filtered solution of the enzyme preparation. Although the chemical nature 
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of this coenzyme has not yet been established, desoxyribonucleic acid 
(DNA) and, to a lesser extent, ribonucleic acid (RNA), may replace this 
cofactor. Bernfeld e al. (62) have also shown that the thymidylic acid 
fraction of a DNA-hydrolysate as well as crystalline thymidylic acid have 
an activating effect comparable to DNA. Since it is not known whether the 
cofactor of the boiled enzyme solution is identical with thymidylic acid, no 
statement can be made as to whether the naturally occurring activator is 
related to the nucleic acids. 

Kerr & Levvy (63) report that 8-glucuronidase of mouse liver, kidney, 
and uterus is only partially extractable with acetate and citrate buffer at 
pH 5.2 and that almost one-half of the total tissue glucuronidase activity 
remains associated with the cytoplasmic granules. The enzyme activity 
contained in this sedimentable fraction can be liberated by incubation in 
acetate buffer for several hours. Walker & Levvy (64) indicate that this 
effect is not due to autolysis but that it is specific for acetate ion. The 
enzyme fractions of the sedimentable and nonsedimentable phases of the 
homogenate have identical pH optima and are inhibited by saccharate. 
Walker & Levvy (65) show that 40 per cent of the 8-glucuronidase activity 
of a water homogenate of mouse liver is sedimentable at 25,000 g in 15 
min. The enzyme activity so sedimented is found in granules of all sizes 
and may be rendered soluble by a variety of procedures, including treat- 
ment with ionic detergents. The glucuronidase of both fractions is non- 
competitively inhibited by an anionic detergent (Teepol XL); and this 
inhibition may be reversed by addition of boiled liver homogenate. 

The partition of glucuronidase activity between the soluble and insoluble 
fraction of liver homogenates may lead to certain analytical errors in the 
determination of the total enzyme content of tissues, as noted by Walker & 
Levvy (65). Aqueous homogenates of rat livers behave differently from 
mouse livers. The former do not exhibit maximal activity unless incubated 
for 2 hr. Citrate or acetate-buffered extracts should not be as prone to cause 
analytical error. 

Meyer et al. (66) show that B-glucuronidase acts upon oligosaccharides 
formed as a result of hyaluronidase action on hyaluronic acid. There appears 
to be a correlation between the action of 8-glucuronidase on synthetic sub- 
strates and on oligosaccharides obtained from the enzymic breakdown of 
hyaluronic acid. These findings, considered in conjunction with other recent 
work by Rapport eft a/. (67), lead to the conclusion that monosaccharide 
formation as the end stage of enzymic hyaluronic acid hydrolysis is as- 
cribable to the action of 8-glucuronidase. This fits with earlier observations 
that testicular extracts [Oshima (68)] and bacteria [Buehler et al. (69)] 
contain significant amounts of 8-glucuronidase activity. 

Cohen (70) has described methods for the preparation of calf spleen 
8-glucuronidase suitable for the hydrolysis of glucuronides of urinary 
steroids. The rates of hydrolysis of the various steroid glucuronides differ 
widely. In Cohen's opinion enzymic hydrolysis is preferable to acid hydroly- 
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sis. Buehler et al. (71) conclude that bacterial hydrolysis of steroid glucuro- 
nides compares favorably with continuous ether extraction of acidified 
urines. 

Fishman (72) proposed that 6-glucuronidase functions in the biosynthesis 
of the glucuronides of steroid hormones and that hormonal activity is 
related to glucuronide formation and, therefore, to the B-glucuronidase level 
in the organs acted upon by the hormones. Recent studies by Cohen & 
Huseby (73) and by Fishman et al. (74) support such a view, since serum 
8-glucuronidase was elevated during estrogen therapy. However, the 
experiments reported by Leonard & Knobil (75) concerning the variation 
of uterine 6-glucuronidase during the estrus cycle cf the rat indicate that a 
maximal uterine enzyme concentration is maintained throughout the cycle 
regardless of changes in estrogen metabolism. 

Levvy et al. (76) suggest that B-glucuronidase is associated with tissue 
proliferation and has no synthetic activity [cf. (72)]. Such claims would be 
substantiated by the findings of Walker & Levvy (64) that the livers of 
very young mice contain higher enzyme concentrations than the adult liver. 

Spencer & Williams (77) have employed a new chromogenic substrate, 
p-chlorophenol glucuronide, for determining $-glucuronidase, and have 
applied their method to a number of investigations. The K,, for this sub- 
strate (110M) is about 10-fold greater than the K,, for phenol glucuro- 
nide, and the enzyme is competitively inhibited by the former substrate. 
p-Glucosaccharate, p-glucuronate, and mucate act as competitive inhibitors. 


ISOMERASES 


Cori et al. (78) have studied the conversion of fructose to glucose by 
dialyzed liver homogenates in the presence of magnesium, ATP, and an 
oxidizable substrate, such as succinate. By inhibiting the formation of 
glucose with fluoride, it was demonstrated that fructose-1-phosphate was 
an intermediate. Pyrophosphate was also formed. 

A partially purified enzyme fraction was obtained from liver which con- 
tained a mutase involved in the conversion of fructose-1-phosphate to glu- 
cose-6-phosphate. It was not ascertained whether fructose-1-phosphate was 
converted to fructose-6-phosphate by means of a phosphofructomutase, 
followed by action of 6-phosphofructoisomerase, or whether a 1-phospho- 
fructoisomerase converted the fructose-1-phosphate to glucose-1-phosphate, 
followed by phosphoglucomutase action. In any case, the conversion of fruc- 
tose to glucose was completed by the action of phosphatase on glucose-6- 
phosphate. 

A useful table of reactions constituting steps in the metabolism of fruc- 
tose in various tissues is also presented, and various kinases are discussed 
(see section on Phosphotransferases). 

Leloir (79) has made a study of the mechanism of action of uridine diphos- 
phoglucose which serves as a coenzyme in the conversion of galactose-1- 
phosphate into glucose-1-phosphate. The transforming enzyme (or enzymes) 
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appear to act in two steps, which may be formulated as follows: 


Uridine diphosphoglucose + galactose-1-phosphate 


Uridine diphosphogalactose + glucose-1-phosphate 
and 
Uridine diphosphogalactose~ uridine diphosphoglucose 


The first step is however still hypothetical. In this work, the action of 
the enzyme preparation on uridine diphosphoglucose was studied. 


LIPASES 


Lipases and esterases have been reviewed recently by Ammon & Jaarma 
(80). 

Pancreatic lipases—Contrary to earlier findings by Balls et al. (81), 
Desnuelle & coworkers (82) have demonstrated the formation of di- and 
monoglycerides as well as glycerol in the course of triolein hydrolysis. In 
the presence of sufficient amounts of bile salt and calcium ions, triolein is 
converted to glycerol and di- and monoglycerides, glycerol accounting for 
one-third and the glycerides for two-thirds of the initial substrate. According 
to Fodor (83), the role of bile salts in activating the hydrolysis of esters 
by pancreatic lipase is not a specific one, but rather involves changes in 
surface tension at the ester-water interface subsequent to ester hydrolysis. 
Emulsification of the ester by choleate may result in either increased or 
decreased ester hydrolysis depending on whether emulsification has increased 
or decreased adsorption on the enzyme surface. However, the hydrolysis of 
triglycerides is generally increased by emulsification with a maximum acti- 
vation occurring in the case of the carbon chain length found in tricaproin. 

Yamamoto (84) has found that a variety of amino acids, e.g., L-aspartic 
and L-glutamic acid and their respective benzoyl derivatives, as well as 
L-asparagine, bring about 50 per cent increases in the activity of pancreatic 
lipase. DL-Lysine also had a similar effect, whereas e-benzoyl-DL-lysine was 
only one-half as active and a,e-dibenzoyl-pL-lysine had no effect. Simple 
di- and tricarboxylic acids, such as succinic, maleic, and citric acid also 
showed stimulating effect. Addition of any of these to a 50 per cent inacti- 
vated lipase preparation afforded ca 85 per cent reactivation, and the author 
favors the view that these activators act by regenerating active lipase from 
the inactivated enzyme rather than by affording protection against alkali 
inactivation. 

Determination of lipase-—An interesting new method for the determina- 
tion of serum and pancreatic lipase also applicable to esterases has been 
described by Hofstee (85). This method is based on the fact that salicylic 
acid absorbs strongly at 290 to 300 my, whereas derivatives of salicylic 
acid with the phenolic hydroxy! group esterified do not absorb light in this 
region. The method holds promise for kinetic investigations and is very 
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sensitive. Acetylsalicylic acid is a good substrate for the cholinesterases, 
but is not split by pancreatic lipase. The long chain fatty acid esters of 
salicylic acid are attacked more readily by the lipases, thus perhaps pro- 
viding a point of differentiation for lipases and nonspecific esterases. Other 
new methods have been reported for serum lipase determination (86, 87,88). 

Lipase in microorganisms.—According to Shipe (89), the lipases of 
P. roqueforti and A. niger differ in relative specificity, since the enzyme 
from the former organism splits tributyrin more rapidly than tricaproin 
and tricaprylin, whereas in the latter organism hydrolysis is fastest with 
tricaprylin. In both bases, tripropionin is split very slowly and triacetin is 
not at all. Although Penicillium lipase behaved identically with single or 
mixed triglycerides, Aspergillus lipase split tributryin less readily and tri- 
caprylin more readily when these two triglycerides were mixed. 

Plant lipases—Rose (90) has investigated the action of Ricinus lipase 
in water emulsions in oil rather than in the usual oil-in-water emulsions. A 
preparation of lipase cream hydrolyzed cottonseed oil extensively. 


PHOSPHATASES 


Roche (91) provides a general background in this rather unprecise field. 
Histochemical phosphatase studies will be considered under the section 
on histochemistry. 


PHOSPHOMONOESTERASES 


General.—The action of a number of phosphatases of distinct types on 
various substrates was investigated by Fleury et al. (92). 

Alkaline phosphatases of beef kidney, liver, and calf bone; and phos- 
phatases from human prostate, the urine of human females, white mustard 
seeds, wheat, rye, rice, and almonds; and the phosphatase of takadiastase 
all hydrolyze a wide variety of phosphate monoesters. 

The specificity of alkaline phosphatase and hexose diphosphatase towards 
various substrates was studied by Roche & Bouchilloux (93). Hexose diphos- 
phatase from dog liver was very active on fructose-1, 6-diphosphate at 
pH 3.5 to 4.5, but had little or no action on 8-glycerophosphate and a 
number of other sugar monophosphates. Alkaline phosphatases from beef 
kidney, and dog and pig intestine were very active towards all of the above 
substrates. 

Certain rice bran phosphatases (phosphomonoesterase, phosphodiester- 
ase, pyrophosphatase, metaphosphatase, and phytase) have been studied 
by Yoshida (94). 

Bouchilloux (95) has studied phosphatases I, II, and III [see classifica- 
tion of Roche (91)], in the liver, kidney, and intestinal mucosa of various 
fishes, and the enzyme distribution is qualitatively the same as in mammals. 
Quantitative distribution varies according to the species studied. The livers 
of all fish studied were said to be especially suitable for the study of phos- 
phatase III. 
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Danielli (96) has suggested that many of the phosphatases of animal 
cells may function as integral parts of various contractile proteins, rather 
than in the hydrolysis of phosphate esters in the cell. 

Alkaline phosphatases.—Ross et al. (97) have found that the pH optimum 
for intestinal alkaline phosphatase of the rat is an increasing logarithmic 
function of the substrate concentration, using B-glycerophosphate as the 
substrate. A pH optimum as low as 7.5 could be obtained by lowering the 
substrate concentration to ca 5 ug. per ml. Relatively low pH optima also 
were obtained with other substrates, including ribonucleic acid. The work of 
Ross et al. is of considerable fundamental importance in the problem of pH 
optima for various enzymes outside the physiological pH range, and there- 
fore it should be confirmed and extended. 

Mathies (98) has described a method for purifying pig kidney alkaline 
phosphatase roughly 100-fold using proteolysis with pancreatin to solubilize 
the enzyme. The method of Albers & Albers (99), which is successful for 
sheep and horse kidney, failed for pig kidney. 

A method for purifying phosphatase I (alkaline phosphatase) from dog 
intestinal mucosa has been published by Roche & Bouchilloux (100). Using 
8-glycerophosphate, the purified enzyme causes liberation of 28 to 30 mg. 
of phosphorus per min. per mg. of nitrogen present in the enzyme solution. 

Zetterstrém (101) phosphorylated vitamin D, with POCI, in pyridine. 
The phosphorylated vitamin has a marked initial activating effect on kidney 
alkaline phosphatase; but this effect diminishes with time until the reaction 
proceeds at the rate of the control. The unphosphorylated vitamin has no 
effect. It is not clear whether the phosphorylated vitamin is a true activator 
or a substrate, or both. 

The inhibition of kidney phosphatase I by phosphates of estradiol has 
been studied by Aldman et al. (102). Estradiol-3,17-diphosphate is a powerful 
inhibitor, being active at concentrations below 10-§M. The monophosphates 
of estradiol are only weak inhibitors. The inhibition by the 3,17-diphosphate 
is said to be noncompetitive but can be reversed by protamine sulfate. 

The action of phosphatase I (alkaline phosphatase) from feces on two 
new synthetic substrates, 0-carboxylphenol phosphate and p-carboxypheny!l- 
phosphate, has been investigated by Walker & King (103). These esters 
are weaker acids than unsubstituted phenylphosphate, and the pH optima 
with alkaline phosphatase are both less than that for phenylphosphate, 
being 9.10 for the ortho- and 8.00 for the para-ester. The K,, values are 
higher than that with phenylphosphate, and the action of the enzyme, on 
both esters is slower than on phenylphosphate. 

A nonprotein substance, not magnesium, which was necessary for full 
activity of muscle phosphatase II, as well as for kidney alkaline phosphatase 
was found by Kutscher & Sieg (104) in an acid dialysate of muscle. The 
material in question, also obtainable from kidney, was tentatively identified 
as choline pyrophosphate or some very similar compound, although the 
elementary analyses hardly seem to justify this identification. 
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Tamayo & Municio (105), have obtained an organic material from 
dialysate of kidney phosphatase solution which they believe is a metallic 
derivative of a diphosphopyridine nucleoside, probably derived from 
adenosine. This material is thought to be the coenzyme of kidney phos- 
phatase I (alkaline phosphatase). Much work remains to be done to establish 
the true chemical nature and action of the supposed cophosphatases men- 
tioned in the last two papers. 

Motzok & Wynne (106) have carefully compared alkaline phosphatases 
of chick bone, kidney, liver, and intestinal mucosa as to pH optima, con- 
centrations of magnesium for optimal activity, and optimal substrate con- 
centration, in connection with studies on ricketts. 

Roche & Sarles (107) found that the K,, values for alkaline phosphatase 
of blood serum and various organs of mammals are highly dependent upon 
pH, and from a study of the K,, values conclude that serum alkaline phos- 
phatase originates in the liver, even in diverse pathological conditions. 
The data presented do not constitute highly convincing evidence of this 
concept, however. 

Acid phosphatases —Acid phosphomonoesterases (phosphatase II and 
phosphatase IIT) of leaves were investigated by Courtois & Khorsand (108). 
The phosphatase II, with a pH optimum at 5.0 to 5.2 seemed to be like other 
enzymes of its class except that it is weakly activated by magnesium. The 
phosphatase III, with pH optimum at 4.0 to 4.2, possessed certain distinct 
properties: it was inhibited by fluorides and molybdates, and was sharply 
activated by magnesium, zinc, manganese, nickel, and cobalt, metals which 
ordinarily do not activate acid phosphatases. 

Acid phosphomonoesterases of defatted ragweed pollen have been investi- 
gated by Nakamura & Becker (109). The crude extract showed three pH 
optima at about 3.5, 4.7, and 6.0, while a preparation showing only 2 optima, 
at 4.2 and 5.6, was obtained by fractionation. At pH 5.5, a large number of 
substrates including pyrophosphate were split, so that it seems likely a 
mixture of enzymes was being measured. Phosphodiesters were not attacked. 

5'-Nucleotidase—Reis (110) has studied the distribution of 5’-nucleo- 
tidase in human tissues, by subtracting the activity of the tissue nonspecific 
phosphatases against phenylphosphate or B-glycerophosphate from the 
corresponding activity againt 5’-adenylic acid at various pH values. Such a 
procedure can give only a qualitative or at best semiquantitative picture of 
the situation. In general, the thyroid, testicle, aorta, and other arterial walls 
contain 5’-nucleotidase but relatively little alkaline or acid nonspecific 
phosphatases. In nervous tissue and in posterior pituitary (which has the 
highest 5’-nucleotidase activity of all tissues studied), the 5’-nucleotidase 
was considerably more active than the nonspecific phosphatases. The dis- 
tribution of 5’-nucleotidase in a number of other organs and tissues was 
determined. 

The 50-fold purification of 5’-nucleotidase from bull seminal plasma has 
been accomplished by Heppel & Hilmoe (111). The purified enzyme was 
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active against cytidine-5’-phosphate, uridine-5’-phosphate, inosine-5’-phos- 
phate, adenosine-5’-phosphate, nicotinamide mononucleotide, and ribose-5- 
phosphate in decreasing order of activity. Yeast adenylic acid was not at- 
tacked by the purified enzyme. The enzyme was activated by magnesium, 
and inhibited, apparently competitively, by calcium. In general, the enzyme 
was similar to snake venom 5’-nucleotidase. These authors also purified a 
5’-nucleotidase of potato some 400-fold. This purified enzyme split yeast 
adenylic acid slowly, apparently owing to the presence of a contaminating 
enzyme. Attempts to obtain soluble 5’-nucleotidase from full testicle were 
unsuccessful. 


PHOSPHODIESTERASES 


Nonspecific diesterases—The comparative action of some activators on 
phosphomonoesterases and phosphodiesterases of pig serum was studied 
by Fleury et al. (112). Three ‘“‘isodynamic”’ phosphodiesterases with pH 
optima at 4.5, 6.8, and 8.5 were found which differed in behavior towards 
inhibitors. Using sodium diphenylphosphate as substrate, diesterase activity 
was measured by subtracting moles of phosphate liberated from moles of 
phenol during a period of 24 hr. at 37°C. under the combined action of 
phosphodiesterase and phosphomonoesterase of the serum. With such long 
incubation periods, one wonders about the possibility of interference from 
bacterial enzymes. 

Phosphorus-splitting enzymes of the kernel of the coconut have been 
studied by Sadasivan (113). At pH 5.5, phosphomonoesterase, phosphodi- 
esterase, pyrophosphatase, and phytase were observed. These enzymes were 
also present in the germ and the milk, although certain other enzymes 
found in the germ were absent from the kernel and the milk. 

A micromethod for detecting the enzymatic breakdown of cephalins and 
phosphoserines have been worked out by Rose (114). Cabbage was found to 
contain an enzyme (a phosphodiesterase?) which appeared to liberate 
serine from serine-cephalin but did not liberate ethanolamine from cephalin. 

Nucleases (specific phosphodiesterases)—The nucleases are subdivided 
into ribonuclease and desoxyribonuclease. 

Electrotitrations and dilatometry have been used by Vandendriessche 
(115) to investigate the action of ribonuclease on yeast RNA. It was claimed 
that a new secondary phosphate group and another group, possibly an OH 
from a purine or pyrimidine appear during the enzymatic hydrolysis. 

Schmidt e¢ al. (116) studied the action of ribonuclease on RNA, using 
prostatic acid phosphatase action as a method for determining liberated 
phosphate monoesters. Unfortunately the commercial RNA used was prob- 
ably degraded. 

In this investigation at least 93 per cent of the pyrimidine nucleotide 
phosphodiester groups were converted to pyrimidine nucleotide monophos- 
phate groups by prolonged action of ribonuclease. Of the primary phosphate 
groups thus found, approximately 6 per cent were pyrimidine mononucleo- 
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tide phosphates, but here the nature of the presumably degraded RNA 
used as starting material should be kept in mind. It was concluded that 
ribonuclease splits diesterified phosphate groups linking pyrimidine 
nucleotides together, yielding pyrimidine mononucleotides plus “limit 
polynucleotides” which contain considerable pyrimidine nucleotide groups 
completely resistant to the action of ribonuclease, possibly because of attach- 
ment through phosphate to adjacent purine nucleotides. RNA is considered 
to be composed probably of blocks of purine nucleotides alternating with 
blocks of pyrimidine nucleotides. 

Martin & Porter (117) fractionated crude and purified ribonuclease by 
liquid-liquid partition chromatography on kieselguhr with 24 per cent 
ethylene glycol-monoethyl ether in the stationary phase. Ammonium 
sulfate in water was the moving phase. A second enzyme component with 
ribonuclease activity was found, and some evidence indicates that this may 
have existed in the pancreas. This may be of great importance in connection 
with studies of the enzymic degradation of RNA, should there be a differ- 
ence in mode of action of the two components on RNA. 

The specificity of ribonuclease for RNA as opposed to DNA has been 
confirmed by Gilbert et al. (118). 

An investigation of the mixture of oligonucleotides formed by the action 
of desoxyribonuclease on DNA was made by Gordon & Reichard (119) 
by the use of electrophoresis in agar jelly. Added fluorescein enabled detec- 
tion of the nucleotide bands under ultraviolet illumination. It is believed 
that the main components of the slowest bands were dinucleotides of 
adenine and cytosine, and trinucleotides consisting of one thymine, and 
two cytosine residues. This method might be exploited further as a means 
of investigating the action of enzymes on nucleic acids. 

Little & Butler (120) have investigated the oligonucleotides obtained 
from the enzymatic hydrolysis of DNA by electrometric titration. The 
products were stated to approximate an average tetranucleotide, since one 
primary phosphate was thought to be formed for every phosphate in the 
DNA. It was suggested that a new enolic-OH group may have been liberated 
by the specific action of desoxyribonuclease and that every fourth or fifth 
linkage might be that of a phosphate group with an enolic OH group. 

Based on personal experience of one reviewer with the electrometric 
titration of DNA, nucleotides, and nucleosides, it appears difficult to derive 
much useful information from this type of analysis. The titration curves of 
nucleic acid have probably been misinterpreted in the past even by such 
experienced workers as Gulland (121). Moreover, the idea of a different type 
of linkage in DNA upon which desoxyribonuclease acts may be difficult to 
reconcile with the results of x-ray studies of the DNA molecule, and does 
not fit in well with work on the enzymic hydrolysis of RNA which parallels 
that of DNA. 

Nemchinskaya (122) found that a much larger amount of desoxyribo- 
nuclease is required to decompose DNA bound to protein than free DNA. 
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These results, however, might be complicated by contamination of the 
desoxyribonuclease with protease. 

Gilbert et al. (123) have studied inhibitors of pancreatic desoxyribo- 
nuclease, and have found two types: (a) substances such as fluoride and 
citrate which remove magnesium (which is necessary for the pancreatic 
enzyme but not necessarily for the desoxyribonucleases of other tissues) 
and (b) those which affect the protein, such as copper sulfate. Sodium 
arsenate (10-°/) and sodium selenate can completely inhibit the enzyme. 

The cation activation of desoxyribonuclease has been investigated by 
Miyaji & Greenstein (124). Magnesium, manganese, divalent cobalt and 
divalent iron activate. However, the condition under which these metals 
activate (pH, concentration of metal, etc.) vary according to the metal in 
question. 

Siebert & co-workers (125), as well as Brown & Laskowski (126), have 
found that the pH optima of desoxyribonucleases of tissues other than 
pancreas vary widely ranging from pH 5 to pH 8.5 according to the tissue 
employed. 

The toxin of Cl. septicum was shown by Warrack et al. (127) to contain 
desoxyribonuclease which appeared to contribute to the damaging action 
of the toxin, and which was inhibited by antisera to this toxin. The elabora- 
tion of desoxyribonuclease by resting streptococci apparently has been dem- 
onstrated by Bernheimer & Ruffier (128). An inhibitor of desoxyribonuclease 
has been found in the same cocci. 

- Desoxyribonuclease action has been measured colorimetrically using the 
Beckman spectrophotometer by Khouvine & Grégoire (129). Phenol red 
was added at a starting pH of 7.55, so that the color change becomes a 
measure of acid groups liberated. The action of the enzyme varied more 
from the treatment and conditions of storage of the nucleic acid than from 
differences in origin of different samples. 

Kurnick (130) has devised a method for measuring desoxyribonuclease 
activity which makes use of the fading of free methyl green at pH 7.5. 
Methyl green combined with DNA does not fade, but it fades as it is liber- 
ated as the result of hydrolysis of the substrate. 


OTHER SPECIFIC PHOSPHATES 


Adenosinetriphosphatase.—In this review the term ‘‘adenosinetriphospha- 
tase”’ will be kept as a general term to include any enzyme hydrolyzing ATP 
The term ‘“‘monophosphoadenosinetriphosphatase”’ will be used to designate 
specific adenosinetriphosphatases of the type associated with myosin which 
split only the terminal phosphate group. The word ‘“diphosphoadenosine- 
triphosphatase”’ will be used to describe enzymes, such as those in snake 
venom, which split pyrophosphate from ATP. The suggestion of Kalckar 
to use ‘‘apyrase” as a general term (131) will not be adopted. 

The adenosinetriphosphatase and inosinetriphosphatase activities of 
myosin and actomyosin have been compared by Spicer & Bowen (132) in 
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regard to pH optima and activation by calcium and magnesium. Under 
certain conditions magnesium can activate inosinetriphosphatase. Calcium 
activates both adenosinetriphosphatase and inosinetriphosphatase, and 
magnesium inhibits the activation by calcium. Actomyosin in the presence 
of calcium has one pH optimum with respect to inosinetriphosphatase 
activity and two optima with respect to adenosinetriphosphatase activity, 
but in spite of this, other evidence is presented which indicates that a single 
enzyme hydrolyzes both ATP and inosinetriphosphate (ITP). 

Bowen (133) has suggested that the splitting of ATP is not directly 
involved in the shorting of myosin threads, on the basis of inhibition studies 
using calcium and magnesium. 

Ivanov & Ivanova (134) have studied the denaturation of myosin and the 
inactivation of muscle adenosinetriphosphatase when brought about by 
pressure, as well as the action of pressure on potato adenosinetriphosphatase. 
It is concluded that adenosinetriphosphatase is probably part of myosin 
and is not merely adsorbed upon it. 

Lidina (135) has claimed that vitamine K; enhances the contraction of 
myosin threads in vitro in the presence of ATP. Also, when the level of the 
adenosinetriphosphatase activity of the muscles of mice is lowered by 
vitamin K deficiency, vitamin K; can raise the enzyme activity to levels 
somewhat above normal, if administered daily by injection prior to the 
enzyme analysis. 

Swanson (136) has studied the action of fresh liver homogenate in splitting 
5’-nucleotides, nucleotide polyphosphates, inorganic triphosphate, and inor- 
ganic pyrophosphate. A soluble fraction from liver has been prepared which 
splits only ATP and pyrophosphate at significant rates. Magnesium is essen- 
tial for the adenosinetriphosphatase activity of this fraction, and either 
calcium or fluoride nullifies the effect of magnesium. However, calcium is 
somewhat effective although less so than magnesium in activating the 
adenosinetriphosphatase of homogenates. The suggestion that more than 
one kind of enzyme may be involved in the splitting of ATP by liver homo- 
genates does not appear convincing to the reviewers. The important point 
that liver adenosinetriphosphatase is strongly activated, not inhibited by 
magnesium, does however seem to be well established by the experiment 
reported. 

The adenosinetriphosphatase activity of desoxyribonucleoprotein pre- 
pared from calf thymus by mild procedures has been studied by Stern et al. 
(137). Of 14 phosphate-containing substrates, only ATP and ADP were 
attacked at significant rates, so that the system might consist of a mono- 
phosphoadenosinetriphosphatase plus an adenosinediphosphatase. The pH 
optimum was at 8.0, but some preparations exhibited a second optimum at 
5.5 (for adenosinetriphosphatase activity). In low concentrations, calcium 
activated the enzyme but inhibited in higher concentrations; magnesium 
activated the enzyme, as did manganese. Fluoride had no effect. The material 
was slightly lower in adenosinetriphosphatase activity than myosin. 

This should be compared with the work of Shapot & Nemchinskaya 
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(138) who claim that nuclear nucleoprotein of calf thymus or avian erythro- 
cytes acquires its adenosinetriphosphatase activity from cytoplasm, but 
such a comparison cannot be complete in the absence of exact details from 
the original Russian paper. It is quite possible that a dissolved nucleopro- 
tein would complex soluble enzymes while the material of Stern might 
not do so, since the latter was prepared by repeated washing in 0.14 M NaCl 
in which the nucleoprotein is insoluble, in order to remove cytoplasmic con- 
tamination before dissolving the nucleoprotein. 

Lee & Eiler (139) question whether the potato adenosinetriphosphatase 
preparations of Kalckar (140) and of Krishnan (141) are not in reality mix- 
tures of monophosphoadenosinetriphosphatase and adenosinediphosphatase 
instead of diphospho-adenosinetriphosphatases which split off pyrophos- 
phate. The results of the latter workers could be explained by the presence 
of these two enzymes in differing ratios. The preparation of Lee & Eiler 
acted as a monophosphoadenosinetriphosphatase below 7°C. and as a mono- 
phosphoadenosinetriphosphatase plus an adenosinediphosphatase above 
7°C.; calcium behaved as an activator. 

Water-soluble adenosinetriphosphatases from extracts of frog liver, 
muscle, eggs, and chicken erythrocytes and plasma, as well as the nuclei of 
chicken erythrocytes and frog liver, were studied by Frank et al. (142). 
Differences in pH optima were found. 

Militzer & Tuttle (143) have investigated a magnesium-activated mono- 
phospho(?)adenosinetriphosphatase of a thermophilic bacterium and have 
found this enzyme to be stable at a temperature of 65°C., in contrast to other 
monophosphoadenosinetriphosphatases which are generally destroyed at 
temperatures lower than 65°C. 

Diphosphoadenosinetriphosphatases—There is some question as to 
whether all the enzymes included in this section are true diphosphoadeno- 
sinetriphosphatases. Zeller (144) has shown that under certain conditions, 
some snake venoms can split off pyrophosphate from ATP in low substrate 
concentrations. However, monophosphoadenosinetriphosphatase action can 
be assumed to occur at higher concentrations. Purification and characteriza- 
tion of potato diphosphoadenosinetriphosphatase has been described by 
Van Thoai et al. (145). The action of bacteriophage infection in increasing 
the diphosphoadenosinetriphosphatase activity of bacteria has been studied 
by Pardee (146). 

Ethyl phosphatase——An enzyme hydrolyzing ethyl phosphate has been 
found by Szulmajster & Grunberg-Manago (147) in certain bacteria (E. coli, 
for example) and baker’s yeast. The enzyme is not activated by magnesium, 
is completely inhibited by 3.310-?M sodium fluoride, and is not inhibited 
by 10-°M cyanide. 

Phosphatase splitting 2,3-diphosphoglycerate.—A partially purified enzyme 
splitting 2,3-diphosphoglycerate to 3-phosphoglycerate, originally present 
in skeletal muscles, has been studied by Rapoport & Luebering (148). 
Its activity was enhanced by 2-phosphoglycerate and inhibited by 3-phos- 
phoglycerate and copper. The pH optimum was about 7.0. Fluoride, iodo- 
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acetate, phlorizin, cyanide, alanine, cysteine, potassium, cadmium, man- 
ganese, magnesium, and inorganic phosphate were without effect. 

Phosphoprotein phosphatase—Phosphoprotein phosphatase was found by 
Norberg (149) to be a specific phosphatase which dephosphorylates proteins 
at an optimal pH of about 5.8. The enzyme is widely distributed in the 
body and is especially high in spleen and liver. 

Pyrophosphatases——The properties of a 20-fold purified firefly lantern 
pyrophosphatase have been investigated by McElroy etal. (150). The enzyme 
was inactive against ATP, ADP, and a number of other substrates including 
sodium meta and “hexameta” phosphates. Magnesium was found to be 
essential for activity. NaF, Cu, Ca, Mn, and Be inhibit, but iodoacetate 
and alloxan at 0.01 M concentrations were without effect. 

Rat liver pyrophosphatases have been investigated by Norberg (151), 
who found four “‘isodynamic’’ enzymes with pH optima at 4, 5, 5.8, to 7, 
and about 8. Fresh homogenates were used as source of enzymes. Both of 
the ‘‘acid pyrophosphatases’’ were very unstable. The ‘alkaline pyrophos- 
phatases”’ were strongly activated by magnesium, but only the acid pyro- 
phosphatase active at pH 5 was thus activated. 

Kunitz (152) has reported briefly the crystallization of pyrophosphatase 
from baker’s yeast. It is to be hoped that more work on the purification and 
attempted crystallization of other individual phosphatases will be accom- 
plished in the future so that the somewhat obscure status of the phosphate- 
splitting enzymes can be clarified. 

A labile alkaline pyrophosphatase of the potato has been investigated 
by Naganna (153). This enzyme is activated by magnesium and inhibited 
competitively by calcium. Sulfhydryl groups are thought to be essential 
for activity. The enzyme is similar to alkaline phosphatases of animal 
tissues. 

Polyphosphatases and polymetaphosphatases.—Barnabei et al. (154) have 
reported the hydrolysis of hexametaphosphate by an enzyme in yeast, with 
a pH optimum at 4.2 and also by intestinal phosphatase of the rat. This 
substrate is not attacked by the yeast phosphatase soluble in glycerol which 
has a pH optimum of between 6 and 7. An enzyme also is present in erythro- 
cytes of the dog which hydrolyzes hexametaphosphate at pH optimum of 
about 8.5, according to Barnabei & Gieri (155). 

Mattenheimer (156) has investigated the enzymatic splitting of poly- 
phosphates (open chain) and polymetaphosphates (closed ring phosphates) 
by enzyme extracts of yeast and mammalian and frog tissues. Yeast enzymes 
hydrolyzed both tri- and tetrametaphosphates, while none of the extracts 
of animal organs hydrolyzed tetrametaphosphate. However, human kidney 
and rat liver enzymes split trimetaphosphate. Pyrophosphate and triphos- 
phate (open chain) were hydrolyzed by extracts of all animal organs tested 
as well as by yeast, but tetrapolyphosphate (open chain) was not hydrolyzed 
by all of the extracts of animal organs. Hence it was concluded that more 
than one metapolyphosphatase exists, as well as more than one open chain 
polyphosphatase. 
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METHODS FOR PHOSPHATASE ANALYSIS 


An exhaustive study of conditions affecting the determination of serum 
phosphatase of the chick has been made by Motzok & Wynne (106). A 
method for the colorimetric determination of urinary acid phosphatase 
has been developed by Altschule & co-workers (157) using monosodium 
alpha naphthyl phosphate for substrate with tetrazotized diorthoanisidine 
for color development. The microdetermination of plasma alkaline phospha- 
tase as a routine clinical procedure has been considered by Ruppert (158). 
A comparison of methods for determining serum phosphatase has been 
made by Linhardt & Walter (159). An error in the estimation of plasma 
alkaline phosphatase caused by absorption of CO, in stored plasma samples 
has been pointed out by Clarke et al. (160). 

Klintner (161) has used the inactivation of nonprostatic phosphatase 
by formaldehyde and the inactivation of prostatic phosphatase by alcohol 
to increase the accuracy of the determinations of prostatic phosphatase in 
serum. 

PYRIMIDINE RIBOSIDE-PHOSPHORYLASES 


The phosphorylation of uridine and cytidine by washed acetone-treated 
cells of E. coli and Aerobacter aerogenes has been studied by Paege & Schlenk 
(162). Ribose accumulated as ribose-1-phosphate. Deamination and amina- 
tion of the pyrimidine occurred only when it was combined with ribose. 

Cardini et al. (163) have studied the uridine phosphorylase of rat liver, 
which converts uridine to uracil plus ribose-1-phosphate. The system is 
accelerated by magnesium. Uridylic acid is attacked by the enzyme, but 
cytosine and cytidylic acid are not. 


PHOSPHOTRANSFERASES 


These enzymes include the kinases, which transfer phosphate from 
ATP to some organic substrate such as glucose, fructose, etc. 

Phosphorylation of fructose.—Slein et al. (164) have investigated liver 
fructokinase, which forms fructose-1-phosphate from ATP and fructose. 
This enzyme, like muscle fructokinase is not inhibited by glucose. In con- 
trast, the action of yeast and brain hexokinase in phosphorylating fructose 
is strongly inhibited by glucose. Intestine and kidney can phosphorylate 
fructose and may contain the same type of fructokinase as is found in liver. 
Liver also possesses a glucokinase of undetermined specificity. Leuthardt & 
Testa (165) also have studied the phosphorylation of fructose by a protein 
fraction obtained from liver. The product was shown to be fructose-1- 
phosphate. 

Hexokinase—Weil-Malherbe & Bone (166) have studied the hexokinase 
activity of brain extracts. Boyland et al. (167) have measured the hexokinase 
activity of homogenates and extracts of acetone powder of various rat and 
mouse tumors. D-Fructose and D-mannose as well as D-glucose were phos- 
phorylated, but not p-galactose. In general the tumors contained two to 
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three times as much hexokinase as would be necessary to maintain the 
glycolytic rate observed in slices, a finding also true of aldolase. 

Creatine phos phokinase.—Askonas (168) has reported that L-thyroxine 
produces noncompetitive inhibition of purified creatinephosphohexokinase of 
40 to 50 per cent at a concentration of 2.5 X10-* M. dl-Thyroxine at 10-' M 
caused an inhibition of 60 per cent. Excess glutathione protected the 
enzyme against iodine and iodosobenzoate, but not against thyroxine. The 
action of thyroxine analogues was compared with that of thyroxine. Injecting 
one dose of thyroxine into rats (8 mg. per kg. body weight) caused a measur- 
able decrease in creatinephosphokinase of the muscles. A lesser effect was 
noticed with smaller doses given over a period of a week, however. 

It is difficult to evaluate this work until it has been extended, but it 
may be of great importance in the mechanism of action of thyroxine, if 
regulation of transphosphorylation reactions is a controlling factor in 
metabolism. The recent finding of Martius & Hess (169), that thyroxine 
administered to rats or applied under certain conditions in vitro uncouples 
oxidative phosphorylation, points in the same general direction. 

Gluconokinase.—Cohen & Scott (170) have studied an enzyme of glu- 
conate-utilizing strains of E. coli which causes transfer of phosphate from 
ATP to position 6 of gluconic acid. The name “gluconokinase”’ is proposed. 

Nucleotide formation—An enzyme was prepared from dried brewers’ 
yeast by Caputto (171) which catalyzes the addition of phosphate to 
adenosine by ATP, yielding ADP plus adenosine-5’-phosphate. The pH 
optimum was 6.7 to 7.0 for the yeast enzyme and 4.9 to 5.0 for a similar 
enzyme of the liver and kidney of the rabbit. 

This apparently clarifies the synthesis of adenine nucleotide from 
adenine nucleoside, but it still leaves obscure the formation of adenine 
nucleoside. Owing to the intricate nature of the reaction, more work seems 
necessary in purifying the kinase, especially from animal tissue, to be 
absolutely certain that the adenosinemonophosphate does not arise from 
ATP through the action of myokinase or some other enzyme, even though 
the author’s evidence on this point seems fairly convincing. 

Addition of phosphate to RNA.—Bresler & Nidzyan (172) have reported 
that RNA can be phosphorylated by means of ATP and rat liver homogenate 
in the presence of glycylglycine buffer of pH 7.3, containing magnesium 
sulfate (0.0005 MM), potassium sulfate (0.005 M), and sodium fluoride 
(0.05 M). The phosphate transferred to the nucleic acid was said to be 
removable by phosphatase. Unfortunately the position at which phosphory- 
lation occurred was not discovered. If this can be checked and the compound 
is not an artifact, it may be of fundamental importance in elucidating the 
exact function of nucleic acid in metabolism. 


SULFUR-METABOLIZING ENZYMES 


Stoll & Seebeck (173) have reported that the enzyme aliinase splits the 
sulfoxide of (+) S-allyl L-cysteine readily and that of (—) S-allyl L-cysteine 
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slowly, while the corresponding derivatives of D-cysteine are not affected. 
Aliinase acted only on aliin and not on sinigroside, while myrosinase acted on 
sinigroside and not on aliin. A recent article by Stoll & Seebeck (174) 
furnishes background material. 


Soda & Yoshida (175) state that the activity of phenolsulfatase and 


of glucosulfatase can be reversibly affected by the oxidation-reduction po- 
tential of redox systems in the solution. Robinson e¢ al. (176) have devise 1 
a colorimetric method for the determination of arylsulfatase in which the 
enzyme converts 2-hydroxy-4-nitrophenyl sulfate into 4-nitrocatechol, 
which is red in alkaline solution. An enzyme unit is defined, and data are 
presented on the distribution of the enzyme in various tissues of the rat, 
and in the saliva of the grasshopper. 

Properties of the transsulfurase responsible for the conversion of 
cyanide to thiocyanate (rhodanese) have been determined by Saunders & 
Himwich (177). Cyanide itself inhibits the enzyme, but this inhibition can 
be overcome with cystine. Inhibition by iodoacetate can be prevented by 
cysteine, although cysteine itself under certain conditions is inhibitory. 
Cystine alone has an accelerating effect. The authors conclude that the 
enzyme may be dependent upon—SH groups for activity, which seems 
somewhat doubtful. It was also concluded on the basis of inhibition by excess 
cyanide that the enzyme contains a metal, which also seems doubtful from 
the data presented. 

Methylases.—Certain aspects of transmethylation have been reviewed 
recently by Challenger (178) and by Sourkes (179). 

’ Using rat liver slices, Sakami & Welch (180) have demonstrated an en- 
zyme system which will bring about the biosynthesis of the methyl groups 
of choline and methionine if homocysteine, dimethylaminoethanol, folic 
acid, vitamin Biz, and labeled formate are present. These studies have been 
extended by Berg (181) who showed that in guinea pig liver slices the 
conversion of formate to the methyl group of methionine does not involve 
choline, betaine or formaldehyde as intermediates. 

The soluble enzyme system from rat liver which catalyzes the transfer 
of the methyi group of methionine to nicotinamide (“‘methylkinase”’) in 
the presence of ATP and magnesium is of considerable interest. Cantoni 
(182) has detected an active methylkinase in the livers of rats, pigs, guinea 
pigs, and dogs, but not in the livers of horse, sheep, ox, rabbit, pigeon, and 
duck. Although L-methionine is the only very active methyl donor in this 
methylkinase system, betaine and dimethylthetin in conjunction with DL- 
homocysteine also had some activity. Choline, ethionine, and the sulfoxide 
of methionine were entirely inactive. Anaerobic generation of ATP in cata- 
lytic amounts produced higher yields of methyl nicotinamide. 

In an interesting paper, Cantoni (183) has reported a partially purified 
enzyme preparation from pig liver which activates or renders transmethyl- 
atable the methyl! group of methionine in the presence of ATP. Like methyl- 
kinase, this enzyme is activated by sulfhydryl compounds, such as 
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glutathione, and is inactivated by p-aminophenylarsenoxide in a reversible 
manner. Cantoni has also demonstrated that the ‘“‘enzymatically-activated”’ 
methionine can participate in transmethylation to nicotinamide in the ab- 
sence of ATP if methylkinase is present. The existence of an ‘“‘activated”’ 
methionine had been indicated earlier by Binkley (184), but the chemical 
nature of the compound was not clarified. Cantoni shows that ATP acts in 
transmethylation by activating methionine, which does not support the 
claim of Barrenscheen & von Valyi-Nagy (185) that methionine-sulfoxide 
is the first intermediate in transmethylation. 

Williams (186) has studied the transfer of methyl groups from choline 
to homocysteine under aerobic and anaerobic conditions. Choline, betaine 
aldehyde, and betaine did not differ in their ability to provide methyl groups 
for homocysteine aerobically. Anaerobically, however, choline was inactive 
as methyl donor, as reported previously by Muntz (187), but betaine alde- 
hyde contributed methyl groups to homocysteine, although not as easily 
as betaine. The activity of betaine as methyl donor is greater under anaerobic 
than under aerobic conditions. In a subsequent paper (188), the same author 
showed that aminopterin interfered with these transmethylations. 


TRANSAMINASES 


This subject has been reviewed recently by Cohen (189). In contrast 
with the early view of Braunstein & Kritzmann (190) that all a-amino 
acids participate in enzyme-catalyzed transamination reactions, it has been 
currently held that only aspartic and glutamic acid are involved. The recent 
work of Cammarata & Cohen (191) is therefore of importance since it shows 
that the early views of Braunstein & Kritzmann were correct. Cammarata 
& Cohen have definitely established that 22 amino acids participate in the 
transamination reaction. It is thought that 22 different transaminases 
exist, in support of which experiments with highly purified glutamic acid- 
oxalacetic acid transaminase and glutamic acid-pyruvic acid transaminase 
are recorded to show that these enzymes react only with specific substrates. 
The work of Quastel & Witty (192), to be discussed below, is in accord with 
such a conclusion. Pyridoxal phosphate, as well as aqueous extracts of pig 
heart, liver, and kidney, accelerated the enzymic reaction. The failure of 
earlier efforts by Cohen (193) to detect transaminases other than those 
involving glutamic and aspartic acid is attributed to the low concentration 
of the less active transaminases in the enzyme preparations employed, and 
to suboptimal conditions with respect to coenzyme concentrations and high 
blank values obtained because of failure to dialyze the enzyme preparations. 
The improved sources of transaminases were a lyophilized aqueous extract 
of pig liver and a lyophilized rabbit liver homogenate. Whole homogenates 
must be used to obtain serine and histidine transaminase activities. That 
transamination actually occurs in the enzyme systems is evident from 
balance studies. Transamination from various a@-L-amino acids is not 
limited to a-ketoglutarate as acceptor, since, according to Rowsell (194), 
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pyruvate may also function as acceptor. In washed insoluble particle 
preparations from rat liver homogenates, transamination to pyruvate oc- 
curred only with L-leucine, L-phenylalanine, L-methionine, L-histidine and 
L-tyrosine, whereas L-valine, L-aspartate, glycine, and L-tryptophan transfer 
their a-amino groups to a-ketoglutarate but not to pyruvate. Clarified 
and dialyzed extracts of rat liver homogenates will retain transaminase 
activity with pyruvate as acceptor, but are devoid of transaminases requiring 
a-ketoglutarate as acceptor. The reversibility of the pyruvate transaminase 
system could be demonstrated in one instance. Of several other tissues 
from different species only mouse liver particles and dialyzed pigeon liver 
homogenates contained an active transaminase system utilizing pyruvate 
as acceptor. 

The broad scope of the transamination reaction is further emphasized 
by the work of Feldman & Gunsalus (195) who found that in E. coli, Pseudo- 
monas fluorescens and Bacillus subtilis a large number of amino acids could 
function as amino group donors in the formation of glutamic acid from 
a-ketoglutaric acid. Glutamic acid-tyrosine and glutamic acid-phenylalanine 
transaminases were obtained in cell-free preparations, which required 
pyridoxal phosphate as coenzyme. Quastel & Witty (192) have drawn 
attention to the existence of ornithine-pyruvic acid transaminase in mam- 
malian and avian liver homogenates. Rabbit, rat, and pigeon liver, and rat, 
rabbit, and guinea pig kidney contain an ornithine-pyruvate transaminase, 
but muscle and brain of rat and rabbit do not. Arginine-pyruvate transamina- 
tion was as active as ornithine-pyruvate transaminase only in the rat liver 
homogenate, but was completely absent from rabbit liver and kidney, both 
of which contain an active ornithine-pyruvate transaminase. Quastel & 
Witty suggest that arginine transaminates only indirectly by way of orni- 
thine transaminase so that the absence of arginase from a tissue can be cor- 
related with its inability to transfer arginine amino nitrogen to a suitable 
amino-nitrogen acceptor. It is furthermore pointed out that such arginase in- 
hibitors as borate and arsenate inhibit only arginine transaminase but not 
ornithine transaminase. No transamination with citrulline was detected. 
Ornithine-oxaloacetic acid and ornithine-a-ketoglutaric acid transaminases 
also occur but are thought to be of lesser importance. 

Another new type of transminase system appears to have been discovered 
by Meister et al. (49). In attempts to reactivate ultraviolet-inactivated as- 
partic acid decarboxylase by various pyridoxine derivatives, a certain 
amount of pyridoxamine phosphate disappeared in the presence of pyruvate. 
When pyridoxamine phosphate was incubated with C-labeled pyruvate in 
the presence of Cl. welchii, pyruvate disappeared and radioactive alanine 
was formed, suggesting that transamination had occurred. 

Cohen & Heckhuis (196) suggested some time ago that protein synthesis 
and transamination are inversely related to each other. Hormonal stimula- 
tion of protein synthesis should thus be followed by decreased tissue trans- 
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aminase concentration. Such a postulate finds some support in experiments 
by Bartlett & Glynn (197, 198), who showed that in normal rats and hy- 
pophysectomized rats treated with low doses of anterior pituitary growth hor- 
mone, there is a decline in transaminase activity in muscle (tibialis anticus) 
homogenates, but in hypophysectomized immature rats, muscle transami- 
nase levels approached those of adult animals. No effect of the growth hor- 
mone on transaminase in muscle, liver, and kidney could be demonstrated 
in vitro. When hypophysectomized rats and normal partially starved rats 
were treated with growth hormone, a decrease in liver weight and rise in he- 
patic transaminase were observed, although renal transaminase remained un- 
changed. 

The problem of transaminase participation in protein metabolism is also 
of obvious importance in plant biochemistry. Smith & Williams (199) in 
studies of glutamic acid-alanine and glutamic acid-aspartic acid transami- 
nases in a variety of plant embryos have confirmed the earlier findings of 
Albaum & Cohen (200) that glutamic-aspartic acid transaminase activity 
increased faster than protein synthesis. Mineral supplements stimulated 
transaminase synthesis to a greater extent than protein synthesis. This find- 
ing and the lack of a definitive relationship between transaminase and pro- 
tein synthesis among the various plant species studied led Smith & Williams 
to conclude that transaminase action is not directly involved in protein syn- 
thesis. It appears likely that in certain cases one of the major metabolic func- 
tions of transaminase lies in its role concerning the utilization of a-keto acids 
and, secondly, a-hydroxy acids in protein synthesis. Thus, Holden e¢ al. (201) 
have shown that, in Streptococcus faecalis, transamination is the only avail- 
able pathway for a-keto acid utilization in growth. Hence, transaminase 
might on the one hand make available a supply of a-amino acids for protein 
synthesis, or under other conditions it might draw off a-amino acids for use 
in energy production by oxidative processes, thus diminishing protein syn- 
thesis. 


MISCELLANEOUS ENZYMES 


Aldolase.—Zaalishvili (202) has studied myogen A from the standpoint 
of aldolase activity and composition with respect to—COOH groups and cer- 
tain amino acids. 

Racker (203) has found that E. coli contains an enzyme (apparently of 
an aldolase type) which catalyzes the formation of desoxypentose phosphate 
from phosphoglyceraldehyde plus acetaldehyde. Hexose diphosphate in the 
presence of crystalline muscle aldolase was used as a source of phosphoglyc- 
eraldehyde. It will be of interest to search for this enzyme in animal tissue. 

Arginase.—Arginase in the normal skin is localized largely in the epider- 
mal layer, but no enzyme activity could be detected in sweat [Van Scott 
(204, 205)}. Mohamed (206) has claimed that there are two enzymes in liver 
which have arginase activity, based upon differences with respect to pH op- 
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tima, metallic-ion activation, and borate inactivation. A final decision on 
the nature of liver arginase must however await confirmation and extension 
of Mohamed’s findings. 

Diphospho pyridine nucleotidase.—Alivisatos & Denstedt (207) have found 
that erythrocyte stroma of rabbit blood contains a considerable amount of 
diphosphopyridine nucleotidase which interferes with the measurement of 
lactic dehydrogenase in red cell hemolysates unless the stroma is removed or 
nicotinamide is added. Experiments indicate that the diphosphopyridine 
nucleotidase may lie in the red cell surface. 

Enolase-——Kun (208) has studied the conversion of 3-phosphoglycerate 
to phosphoenol pyruvate in various organs and tissues of the rat (phospho- 
glyceromutase plus enolase action). The conversion occurs in muscle and in 
all important organs. 

Fumarase——Massey (209) has reported the crystallization of fumarase 
from pig heart. An excellent photomicrograph of the crystals indicates the 
absence of amorphous impurity, and the protein was stated to behave as a 
single molecular species in the ultracentrifuge, with a molecular weight of 
224,000. Electrophoresis likewise showed no impurity. The turnover num- 
ber was greater than 100,000 at pH 7.3 and 20° C. (substrate concentration 
not.stated). Massey’s claim to have crystallized fumarase thus seems to be 
very well supported. 

Galactozymase.—Swenson (210) has found that the action spectrum of 
the inhibition of adaptation of yeast to galactose is apparently that of nu- 
cleic acid. This work seems to furnish concrete evidence that nucleic acid 
takes part in protein synthesis (i.e., the adaptive synthesis of the galactozy- 
mase system). 

a-Glucosaminidase.—The existence of an a-glucosaminidase distinct from 
hyaluronidase, B-glucosaminidase, and a-glucosidase and #-glucosidase has 
been demonstrated by Roseman & Dorfman (211). By use of a- and B- 
phenylglucosidases as substrates, a- and 8-glucosaminidases were determined 
along with hyaluronidase during purification of the latter enzyme. The a- 
glucosaminidase activity is lost early in the course of the procedure, whereas 
B-glucosaminidase activity increases. Further evidence for the nonidentity 
of the three enzymes is derived from differential thermal inactivation experi- 
ments which indicate that after the complete loss of hyaluronidase activity, 
a-glucosaminidase activity is essentially preserved, whereas B-glucosamini- 
dase activity had dropped considerably. 

a&-Glucosaminidase is absent from heart, brain, muscle, and two commer- 
cial emulsin preparations. It is present in rabbit spleen and liver and rat kid- 
ney and lung and hemolysed human whole blood and is highly active in 
testis, rat spleen, and liver. 8-Glucosaminidase was found in all tissues ex- 
amined. 

Glutamine synthesis —Elliott (212) has recently described an enzyme oc- 
curring in sheep brain, plants, yeast, and rabbit kidney, which synthesizes 
glutamine from L-glutamic acid, ammonia, and ATP. This system is very 
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similar to the system occurring in pigeon liver described earlier by Speck 
(213). Elliott has extracted the glutamine-synthesizing enzyme from acetone- 
dried gray matter of sheep by water-extraction, and has achieved a 19-fold 
purification of the enzyme. Magnesium is’ required for enzyme activity; 
amide synthesis is correlated with the disappearance of NH,* and the for- 
mation of inorganic phosphate. Inhibition by ADP seems to be counteracted 
by high ATP concentrations. Acyl phosphate formation could be demon- 
strated to occur during the course of the reaction, but the intermediate was 
not identified. The system was inhibited by calcium ions, sodium fluoride, 
p-mercurichlorobenzoate, and methionine sulfoxide. 

Glutathione synthests—Johnston & Bloch (214) have studied the enzy- 
matic synthesis of glutathione by an enzyme system in the presence of an 
adenine nucleotide and magnesium, from glutamic acid, cysteine, and gly- 
cine. Enzymes catalyzing the hydrolysis of glutathione could be removed 
from this system by centrifugation at high speed. 

Glyoxalase—Racker (215) has found that two enzymes participate in 
the glyoxalase reaction: glyoxalase I, which catalyzes the condensation of 
methy! glyoxal with glutathione to form an intermediate; and glyoxalase II, 
which then splits this intermediate yielding lactic acid and glutathione. It 
is proposed that the reaction may proceed by addition of glutathione to a 
ketene form of methyl glyoxal, forming an intermediate with an ene-diol 
structure. It is of interest that yeast extract can catalyze the oxido-reduction 
reaction of the intermediate with DPN, yielding pyruvate. In the latter re- 
action, lactate was excluded as an intermediate. 

Malease.—Sacks & Jensen (216) have found an enzyme in corn kernels 
which reversibly catalyzes the production of malic acid from maleic acid. It 
is not clear whether the enzyme acts only on L-malic acid or on both the p 
and tL forms. This hydrase was termed “‘malease.”’ 

Nonphosphatasic diphosphopyridine nucleotidase—Kaplan et al. (217) 
have found a diphosphopyridine nucleotidase in neurospora which causes 
hydrolytic splitting of DPN to give nicotinamide and ADP-ribose with the 
reducing group of the sugar set free. This enzyme, which is not inhibited by 
nicotinamide, also attacks TPN at about the same rate as DPN, but does 
not split reduced DPN. The mononucleotide and the mononucleoside of 
nicotinamide likewise are not split. The enzyme is thus similar in some re- 
spects to the corresponding enzyme found in mammalian brain. 

Nucleosidase-—Carter (218) has reported the partial purification of a 
nonphosphorylytic nucleosidase from yeast which hydrolyzes uridine, yield- 
ing uracil and ribose. Hydrolytic nucleosidase activity could not be found 
however in mammalian tissues. 

Racemase.—v-Alanine is formed from t-alanine by S. faecalis, as demon- 
strated by Wood & Gunsalus (219). Dried cells and cellular extract converted 
p- and L-alanine to the corresponding racemate at an optimum pH of 8.0. 
The racemase is activated by pyridoxal phosphate, but pyridoxamine phos- 
phate is without activity. The enzyme is specific for alanine. 








56 ALTMAN AND DOUNCE 


Huennekens ef al. (220) have described a soluble a-hydroxy acid race- 
mase from rabbit liver and kidney, which is dependent for its action on si- 
multaneous oxidative phosphorylation. Lactate, malate, isocitrate, and a- 
hydroxyglutarate were racemized by this enzyme preparation. 

Thiaminase.—This subject has been reviewed recently by Harris (221). 
Fujita et al. (222, 223) have studied liver thiaminase in Carrassius auratus. 
The enzyme acts under aerobic and anaerobic conditions. Cysteine and KCN 
have an activating effect, whereas iodoacetate and hydrogen peroxide in- 
hibit the enzyme. Two enzymic reaction products were isolated: 4-methyl- 
5-8-hydroxyethy1 thiazole (as the picrate) and 2-methyl-4-amino-5-hydroxy- 
ethyl pyrimidine. Murata (224, 225) examined the structural requirements 
that must be satisfied by substrates for thiaminases, and states that there 
must be a free amino group on position 4 of the pyrimidine ring, and that 
the thiazole must have a quaternary nitrogen atom. The side chains on posi- 
tion 2 of the pyrimidine ring and on the thiazole ring have, however, little 
effect on activity. 

Thiaminase from the fronds of Cyrtonium falcatum is inhibited by 0.18 
per cent uranyl acetate, lower concentrations being ineffective [Jacobsohn 
et al. (226)]. Zinc, calcium, and magnesium are said to inhibit this thiaminase, 
although moderately high concentrations were required. Manganese was in- 
effective (227). 

Woolley (228) has reported the surprising observation that the incu- 
bation of 2-amino-4-hydroxy-6-pteridylmethyl-(4’-methyl-5’-hydroxyethy1 
thiazolium) bromide with p-aminobenzoic acid (PAB) in the presence of 
thiaminase yields pteroic acid, and when p-aminobenzoy! glutamic acid was 
used instead of PAB, pteroyl-glutamic acid. It seems likely that enzymes 
other than thiaminase must also be involved. 


GLYCOLYSIS AND FERMENTATION 


Ohlmeyer (229) has studied a new cofactor for yeast fermentation which 
appears to act by causing the liberation of inorganic phosphate from some 
organic phosphate precursor when the inorganic phosphate is not otherwise 
maintained at an optimum level. The cofactor was purified about 40-fold 
from a boiled saline extract by precipitation in the cold with methanol fol- 
lowed by fractionation on a column of synthetic resin. The material which 
contains labile phosphate and stable phosphate in a one to one ratio, ap- 
pears to be a nucleotide but is not ADP. It may be identical with the dinu- 
cleotide of Kiessling & Meyerhof (230). 

Meyerhof & Kaplan (231) have investigated speed-controlling factors in 
alcoholic fermentation brought about by quickly dried yeast. The optimal 
pH was between 6.2 and 6.6. It was necessary to add DPN and ATP if the 
yeast had been washed. With insufficient DPN, the addition of nicotinamide 
mononucleotide caused some increase in velocity of fermentation because it 
is a source of more DPN. The addition of small amounts of phosphoglycer- 
ate or enol-phosphopyruvate caused a catalytic increase in reaction velocity. 
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Magnesium and either potassium or ammonium ions were required for fer- 
mentation, but Nat was only slightly inhibitory in the presence of K+ or 
NH". A reasonable level of inorganic phosphate (0.01 to 0.02 M), of course, 
had to be maintained. 

Tsuyuki & MacLeod (232) have studied the effects of Kt, NH,t, Nat, 
Rbt, and Cs* on glycolysis occurring in resting cells of Lactobacillus arabi- 
nosus, to throw light on the mechanism of the general phenomenon of ion 
antagonism. NH,*, Nat, and Cs* competitively inhibit glycolysis as well as 
growth in these bacteria, if suboptimal amounts of K* are present. Rubid- 
ium can completely replace potassium as a growth requirement of S. 
fecalis R. and L. casei but can only partly replace potassium as a growth re- 
quirement of L. arabinosus. However it serves as well as potassium for L. 
arabinosus in promoting glycolysis and in overcoming the inhibitory effect 
of NH,*, Nat, and Cst. 

Zn** also inhibits glycolysis in resting cell suspensions of L. arabinosus 
which can be overcome by Mn** but not by Ca** or Mg.** One should re- 
member that whole cells, not homogenates or isolated enzymes were used, 
since the effects of inhibitors might be changed by cell disruption, as demon- 
strated by the work of Perry (291) on isolated muscle fibrils. 

Muntz & Hurwitz (233) have found that, in the glycolysis catalyzed by 
acetone powder of rat brain, NH,* exerts a marked stimulatory action on 
the tranfer of phosphate from enol-phosphopyruvate to adenylic acid, but 
not on the transfer of phosphate from phosphoenol-pyruvate to ADP. Since 
the extracts contain considerable myokinase which leads to the formation of 
adenylic acid, the system as a whole is sensitive to the absence of NH,*. 
The phosphohexokinase reaction (ATP+fructose-6-phosphate-ADP+ 
fructose diphosphate) and to some extent the hexokinase reaction were also 
stimulated by NH,*. 

Muntz & Hurwitz (234), investigating effects of monovalent cations on 
glycolysis brought about by acetone powder of rat brain, report that gly- 
colysis occurs in the presence of Nat if adequate quantities of ATP are added 
initially. A stimulatory action of NH,t or Kt was demonstrated only when 
small amounts of ATP were used. NH,* was more effective than K*. Ap- 
parently NH,* and K* exert their effect by promoting the maintenance of 
an adequate ATP supply through transphosphorylation reactions. 

In a study of aerobic and anaerobic glycolysis in mammary gland and 
brain slices, Terner (235) finds that dinitrophenol causes an inhibition of 
glucose utilization in mammary gland but not in brain. Lactate accumulation 
is enhanced in both tissues. He suggests that dinitrophenol may cause an 
increased rate of the oxidation-reduction step in glycolysis by inhibiting the 
aerobic reoxidation of DPN which has been reduced by triose phosphate. A 
Pasteur mechanism operating by aerobic oxidation of triose phosphate-re- 
duced DPN also is likely. 

Mueller & Hastings (236) have measured the quantities of phosphate 
fractions in the cells and plasma of whole blood, and the transfer of inorganic 
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phosphate from plasma to cells under various conditions of incubation of the 
blood, with and without the addition of known inhibitors of glycolysis. 


ENZYMES OF THE KREBS TRICARBOXYLIC ACID CYCLE 


Condensing ensyme.—A soluble enzyme which catalyzes citrate formation 
from “‘active” acetate and oxaloacetate has been isolated by Stern & Ochoa 
(237) from pigeon liver extracts. After aging, this enzyme preparation is free 
of aconitase. In such a system citric acid formation occurs upon addition of 
acetate, ATP, coenzyme A, oxaloacetate, and magnesium or manganese. Ani- 
mal tissues or yeast extracts in which the acetate-activating system prob- 
ably remains in the insoluble particulate fraction must be reinforced with 
an enzyme preparation from E. coli for adequate citrate synthesis. The lat- 
ter bacterial enzyme contains no condensing enzyme, but contains two en- 
zymes required for acetate activation. The experiments of Stern & Ochoa 
establish beyond doubt that citrate, not cis-aconitate, is the first condensa- 
tion product. Acetyl-coenzyme A is presumably the immediate source of 
acetate for the condensing enzyme. 

Aconitase.—Aconitase has been reviewed by Ochoa (238). By analogy 
with the action of fumarase, where addition of the elements of water either 
to the a- or a’-carbon of fumarate leads to malate, Ogston (239) postulates 
a similar nonpreferential hydration in cis-aconitate. Here it is thought that 
one enzyme may bring about hydroxylation on either end of the double bond 
of cis-aconitate, leading to the formation either of citric or isocitric acid. It 
appears to the reviewers, however, that in contrast to the situation with 
fumarate, the two carbon atoms in cis-aconitate are not equivalent chemi- 
cally, and hence the analogy may not hold. 

Dickman & Cloutier (240) have found that Fet* and other reducing 
agents (cysteine) stabilize aconitase. p-Chloromercuribenzoate (10-* M), as 
well as o-phenanthroline and a-, a’-dipyridyl, completely inhibit the en- 
zyme. Partial reactivation by Fe** of the o-phenanthroline-inactivated en- 
zyme was observed. 

Inhibition of the Krebs cycle by fluoroacetate-—Buffa et al. (241) base the 
action of fluoroacetate on the formation of a fluorotricarboxylic acid which 
blocks the Krebs cycle by inhibiting citric acid utilization. The authors have 
isolated tricarboxylic acid fractions containing fluorine, but no fluoroace- 
tate; these fractions cause accumulation of citrate in vitro, but have no such 
activity i vivo, probably because they are less diffusible than fluoroacetate. 
The chemical nature of the inhibiting fraction has not been established how- 
ever. Glycerol has been found an effective antidote for fluoroacetate poison- 
ing (242), but the possible mechanism of action is entirely obscure. 

General aspects of the Krebs cycle-—The operation and significance of the 
Krebs cycle in nonmammalian tissues has been a matter of controversy. 
Foulkes (243) has demonstrated the occurrence in yeast of various compo- 
nent reactions of the Krebs cycle. Cell-free extracts of Baker’s yeast metabo- 
lize citrate at appreciable rates. Fresh, nondialyzed extracts are activated 
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by ATP and magnesium, but dialyzed extracts are not. Upon dialysis, cit- 
rate is converted almost quantitatively to a-ketoglutarate. Campbell & 
Stokes (244) present evidence for the Krebs cycle in Pseudomonas aeruginosa, 
and Ackermann (245) states that the Krebs cycle is essential for virus propa- 
gation. 


ENZYMES OF THE KREBS-HENSELEIT UREA CYCLE 


Progress in the enzymic synthesis of citrulline is reported by Grisolia et 
al, (246, 247, 248). Perhaps one of the most significant findings, from the en- 
zymological viewpoint, is the preparation and partial purification of an en- 
zyme system from rat liver acetone powder which will bring about the re- 
action of CO, and NH; with ornithine in the presence of ATP and carbamyl 
glutamate to yield citrulline. It has furthermore been possible to dissociate 
this citrulline-synthesizing system from aerobic phosphorylating systems by 
selective thermal inactivation. The authors have demonstrated the synthe- 
sis of citrulline by such a partially inactivated preparation when active aero- 
bic phosphorylation is maintained, as with fresh washed rat liver particles. 
Using partially purified enzyme from rat liver, Grisolia et al. (248) have 
shown that the carbamyl group of carbamy] glutamate is not utilized in the 
synthesis of citrulline from ornithine even though carbamyl glutamate is an 
essential component of this system. 

Ratner & Pappas (249) earlier established at least two enzymatic reac- 
tions in the synthesis of arginine from citrulline as follows: 








mea: 
(a) 1(-)citrulline + 1(-)aspartic acid + ATP 
intermediate + ADP + phosphate 
Hydrolyti 
() Intermediate + H,O —~— > 1(-)arginine + 1(-)malic acid 


Ratner & Petrack (250) report the separation of the condensing and hydro- 
lytic enzymes from one another, enabling them to study the individual 
mechanisms. Transphosphorylation with ATP in the “‘condensing reaction” 
was faster than condensation itself, indicating that more than one enzyme 
must be involved. The substrate of the hydrolytic enzyme is a seemingly 
homogeneous di-substituted guanido derivative, and is completely hydro- 
lyzed by arginase and the hydrolytic enzyme. 

McKinney (251), employing the washed liver homogenate preparation 
of Grisolia e¢ al. (246), has investigated the effect of methyl-bis-(8-chloro- 
ethyl)-amine hydrochloride (MBA), colchicine, podophyllotoxin (PPX) 
and urethane on the synthesis of urea in vitro. MBA, PPX, and colchicine 
inhibited urea formation in slices, irrespective of the presence of ornithine, 
citrulline, ammonium sulfate, and glutamine, but only MBA and colchicine 
inhibited arginase activity. It appears that MBA and PPX (107% M) block 
citrulline formation, although this block can be removed by addition of 
carbamyl] glutamate (2.810 M/). PPX also interferes with the synthesis 
of arginine from L-citrulline and L-aspartate although it is uncertain which 
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phase of the reaction sequence is involved. p-Ornithine inhibits urea synthe- 
sis apparently by competing with L-ornithine for one of the citrulline-syn- 
thesizing enzymes. 


COENZYMES 


The synthesis of nicotinamide mononucleotide by human erythrocytes 
in vitro has been reported by Leder & Handler (252). A derivative of DPN 
activates fermentation according to Meyerhof & Kaplan (253), and Ohl- 
meyer (229) has reported a new coenzyme of fermentation which is instru- 
mental in forming inorganic phosphate from organic phosphate when the in- 
organic phosphate concentration becomes too low. 

According to Kornberg & Pricer (254), the structure of TPN can be con- 
sidered as a dinucleotide constructed from nicotinamide ribose-5-phosphate 
and adenosine-2, 5-diphosphate, on the basis of chemical and enzymatic deg- 
radation studies. 

Considerable progress has been made on coenzyme A. Handschumacher 
et al. (255) have devised a colorimetric method for estimating this coenzyme 
with an acetylation system with 4-aminoazobenzene as substrate. This 
colored dye becomes nearly colorless when acetylated. One-half to 4.5 ug. of 
pantothenate can be measured in this way when it is part of the coenzyme 
A molecule. 

Work on the chemical structure of coenzyme A by Lynen & Reichert 
(256), using Bakers’ yeast as source of the coenzyme, has indicated that the 
active group is an—SH group, which is acetylated in acetyl coenzyme A. The 
coenzyme acts as a cotransacetylase. 

Makino et al. (257) have demonstrated the enzymatic synthesis of flavine 
adenine dinucleotide from riboflavin and ATP, in the presence of phosphate 
buffer by an acetone powder of pig kidney. This is similar to the work of 
Schrecker & Kornberg (258) who used yeast as source of enzyme. p-Amino 
oxidase apoenzyme was used to demonstrate activity of the product. The 
synthesis of flavin mononucleotide from riboflavin plus ATP has also been 
reported by Kearney & Englard (259), using brewers’ yeast as source of an 
enzyme which was said to be purified 1000-fold. ADP as well as ATP could 
be used; a bivalent ion such as magnesium is necessary for the reaction. 

Baddiley et al. (260) suggest a quinoid structure for pyridoxal phosphate 
to explain the strong yellow color and absence of phenolic reactions of active 
preparations of amino‘acid codecarboxylase and cotransaminase. The posi- 
tion of the phosphate in this case would be on the aldehydic carbon attached 
to C, of the pyridine ring, instead of on the methylene group attached to C; 
of the ring as generally accepted at present. Such a structure might place 
the phosphate in the category of high-energy phosphate. The suggestion of 
Baddiley et al. is contrary to the conclusions of Heyl et al. (261, 262) that 
codecarboxylase carries its phosphate on the methylene group at Cs. 

Velluz & Bartos (263) found that thiamine pyrophosphate often contains 
as impurity a mixture of 35 per cent chlorothiamine phosphate and 65 per 
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cent thiamine triphosphoric acid. It is stated that this mixture of impurities 
can best be avoided by using thiamine phosphate instead of chloride as 
starting material for the synthesis of the pyrophosphate. 

Binkley & Christensen (264) claim that pyridoxal phosphate is the co- 
enzyme for the enzyme-catalyzing cleavage of thioethers (such as cysta- 
thionine). The synthesis of a small amount of pyridoxal phosphate from the 
action of liver homogenate on ATP and pyridoxine was also reported. 

Kallio (265) found that the disulfurase system which forms a-ketobu- 
tyric acid from homocysteine is activated by pyridoxal phosphate after pre- 
vious inactivation by aging and dialysis. Since the mechanism of the reaction 
and intermediate steps are unknown, it cannot be stated with certainty that 
pyridoxal phosphate acts with the sulfur-splitting enzyme component. 


ENZYME INHIBITORS AND ACTIVATORS 


Inhibitors—Klemperer (266) reports that beryllium has no effect on 
liver slice respiration, or glycolysis of muscle extracts. Carboxylase, arginase, 
carbonic anhydrase, and uricase also were unaffected by beryllium, while 
adenosinetriphosphatase and succinoxidase could be activated. Klemperer 
believes that the toxicity of beryllium may be connected with its action on 
this enzyme. 

Cochran et al. (267) have confirmed inactivation of alkaline phosphatase 
by beryllium im vitro and have also found that this metal inactivates phos- 
phatase of the serum, kidney, and duodenum in vivo in rats. Phosphogluco- 
mutase was strongly inhibited both in vitro and in vivo, and adenosinetri- 
phosphatase was inhibited in vivo. The inhibition of phosphoglucomutase 
was counteracted by magnesium. Creatine phosphate and ATP were lowered 
in the kidneys and livers of rats poisoned with beryllium, while the inor- 
ganic phosphate level was raised. The level of glucose-1-phosphate was ele- 
vated and that of glucose-6-phosphate decreased. Thus, it would seem that 
the inhibition of enzymes other than alkaline phosphatase also may be in- 
volved in beryllium poisoning. Roche et al. (268) have reported the surprising 
finding that alkaline phosphatase subjected to prolonged dialysis is acti- 
vated by small amounts of beryllium. 

Thyresson (269) finds that thallium inhibits some oxidative enzyme sys- 
tems, although many are not affected. Glycolysis is said to be inhibited. 

Singer et al. have published work on the effect of uranium on enzymes 
(270). In some respects this duplicates work of the Rochester group (271), 
but the Chicago workers used a number of enzymes, such as lysozyme and 
succinic dehydrogenase, that were not studied by the Rochester group. Cer- 
tain requirements were discovered to be necessary for one class of substances 
which are strong complex-forming agents for hexavalent uranium, and hy- 
droxyaspartic acid, which might conceivably be present in enzyme molecules, 
was found to fulfill these requirements. Lysozyme was quite sensitive to hex- 
avalent (uranyl) uranium. A peculiar situation was found whereby a complexer 
of hexavalent uranium such as phosphate or ATP could in certain instances 
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prevent inhibition of an enzyme by hexavalent uranium but could not re- 
verse inhibition caused by adding hexavalent uranium (usually as uranyl 
nitrate) to the enzyme in question before adding the complexer. This was 
not true of some other complexers, such as citrate. This phenomenon, which 
was not noticed by the Rochester group, is puzzling. It might indicate that 
uranyl uranium in the absence of a complexer can penetrate an enzyme 
molecule sufficiently to reach points of attachment subsequently inacces- 
sible to the complexer molecule because of spatial arrangement of surround- 
ing groups. However, it might also indicate partial precipitation or even de- 
naturation of the enzyme at the pH employed, in the absence of a complexer. 

Potato phosphorylase was relatively insensitive to uranyl uranium. This 
is surprising because the Rochester group in an exhaustive study found that 
crystalline muscle phosphorylase was one of the few enzymes investigated 
with a high sensitivity to hexavalent uranium. 

The reported sensitivity of lysozyme to uranium is of interest, but it 
should be noted that lysis of bacteria was used to test for enzyme activity. 
Since it is conceivable that a small amount of surface-bound uranium on the 
bacteria could inhibit lysis, a further study of this sytem is needed to show 
definitely that uranium inhibits by combining with the enzyme rather than 
by combining with surfaces of the bacteria. 

Certain conclusions made by the Chicago group concerning the trans- 
portation and action of hexavalent uranium in the animal body now coin- 
cide with corresponding conclusions of the Rochester group. 

Rothstein e¢ al. (272) have continued their interesting work on the action 
of ‘hexavalent uranium in blocking the metabolism of glucose added to the 
medium by combining with the cell surface. 

Lardy et al. (273) investigated the mechanism of inhibition of glycolysis 
in brain extracts by DL- or L-glyceraldehyde and conclude that the action is 
indirect, resulting presumably from the inhibition of hexokinase by L-sorb- 
ose-1-phosphate formed from the condensation of L-glyceraldehyde with 
triosephosphate under the influence of aldolase. t-Sorbose-1-phosphate 
strongly inhibited brain hexokinase, apparently in a noncompetitive manner, 
but was without effect on yeast hexokinase or phosphohexokinase. 

Needham et al. (274) have come essentially to the same conclusion using 
muscle extract instead of brain extract, and in addition have ascribed a 
weaker inhibiting effect of p-glyceraldehyde, noticeable chiefly when high 
adenosinetriphosphatase activity is present, to the action of the p-glyceral- 
dehyde in partially inhibiting triosephosphate dehydrogenase. 

Webb & Elliott (275) have shown that aerobic glycolysis in brain homog- 
enates is greatly increased by the action of various narcotic drugs (barbit- 
urates, chloral hydrate, tribromoethanol) up to a certain drug concentra- 
tion, and thereafter is inhibited. The enhancement of aerobic glycolysis is 
not thought to be concerned with the mechanism of narcotic action of these 
drugs, although the lethal effects of the drugs may be attributable to the 
inhibition of aerobic and anaerobic glycolysis and oxygen uptake. 
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Meyer & Rapport (276) have studied the inhibition of hyaluronidase by 
Fet**, Fe**, Cut**, and Zn**. The inhibition caused by these ions can be re- 
versed by addition of metal complex formers. Pyrophosphate was most ef- 
fective for Fe*** and cysteine for Cut*, but some of the potent chelating 
agents such as oxine, versene, and dithione were found to be unsatisfactory 
enzyme reactivators. The metal ions are probably not bound to—SH groups 
since p-chloromercuribenzoate did not inhibit the enzyme. The addition of 
pyrophosphate or cysteine (10~* M) to the enzyme increased its activity by 
30 to 60 per cent, probably by competing for traces of metal. 


CYTOCHEMICAL STUDIES OF ENZYMES BY DIFFER- 
ENTIAL CENTRIFUGATION OF HOMOGENATES 


General.—Schneider & Hogeboom (277) and Hogeboom (278) have re- 
viewed the separation and isolation of cell components by differential cen- 
trifugation of homogenates yielding fractions suitable for enzyme analysis. 
Dounce (279) disagrees with interpretations of results obtained with nuclear 
fractions and also with arbitrary criteria proposed to indicate significance of 
results. 

Potter et al. (280) have discussed the interpretation and significance of 
intracellular enzyme distribution studies. One of the best points of this ar- 
ticle appears to the reviewers to be emphasis on the comparison of enzymic 
activity of tissue slices under optimal conditions with the activity of homog- 
enates of the same tissue under optimal activity. Such determinations make 
it possible to determine the ‘‘excess’’ or reserve of cellular enzyme present 
relative to substrate metabolized by it in the cell. As a rule, the cells of nor- 
mal tissues tend to have a considerable enzyme reserve while cells of tumors 
tend to have little enzyme reserve. Nevertheless whole tumor cells may carry 
out an enzyme reaction as rapidly as normal whole cells in a given instance 
through efficient utilization of the enzyme present. The reviewers object, 
however, to the arbitrary unqualified statement that the Waring blendor is 
unsuitable for work in which cell particulates are studied. A similar state- 
ment was also made by Schneider & Hogeboom (277) and by Hogeboom 
(278). 

Enzymes of brain-cell nuclet—According to Richter & Hullin (281), nu- 
clei of grey matter, isolated from the cerebral cortex of rat, rabbit, and hu- 
man brains at pH 6.0 to 6.2 by the citric acid technique, contain alkaline 
phosphatase, acid phosphatase, acetylcholine esterase, carbonic anhydrase, 
and cytochrome oxidase. The concentration of carbonic anhydrase was con- 
siderably lower than in the whole tissue, but the concentrations of the other 
enzymes were as great or greater in the nuclei than in the whole tissues. The 
contamination of nuclei with nonnuclear material was estimated at not over 
5 to 10 per cent by weight. The method evidently depends upon a fairly care- 
ful preliminary separation of grey matter from white matter, since broken 
fibers of the latter are very difficult to separate from the nuclear sediment. 
Carbonic anhydrase——The intracellular localization of carbonic anhy- 
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drase has been determined for certain plant cells by Waygood & Clendenning 
(282), who state that the enzyme is present not in the chloroplasts as pre- 
viously claimed but in the cytoplasmic supernatant. Nothing was said of the 
presence or absence of this enzyme in the nuclei. 

Cholinesterases of mitochondria and microsomes.—Cholinesterase and 
acetylcholinesterase activities have been measured in the mitochondria and 
microsomal fraction of rat liver cells by Zacks & Welsh (283). The activity 
per unit dry weight was somewhat higher in the mitochondria than in the 
whole homogenate in the cases of both enzymes, and the activity of the spe- 
cific cholinesterase (as measured by the hydrolysis of acetyl-8-methyl cho- 
line) appeared to be significantly lower than that of the nonspecific enzyme 
(as measured by the hydrolysis of benzoyl choline). The microsomes also 
were stated to contain considerable amounts of both enzymes. 

Acid phosphatase.—Pallade (284) studied carefully the acid phosphatase 
distribution in fractions from rat liver homogenate. This paper is illuminat- 
ing with respect to the technique of Hogeboom et al. (285), which yields a 
good mitochondrial fraction beyond doubt, but which in our experience 
yields a nuclear fraction that is of little value for enzyme studies. For in- 
stance, the percentage of cells broken in the Potter-Elvehjem homogenizer 
was increased by Pallade from 75 or 80 per cent up to 85 or 90 per cent. How- 
ever in our experience it has been virtually impossible to obtain a clean nu- 
clear fraction when even 5 or 10 per cent of unbroken whole cells remain in 
the original homogenate. Pallade states that ‘‘The nuclear fraction is grossly 
contaminated by cytoplasmic components.” 

Most of the acid phosphatase of the homogenate was found in particles, 
40 per cent being in the mitochondrial fraction and 30 per cent in the micro- 
some fraction, and doubts were expressed that the nuclei contained any acid 
phosphatase. Although these doubts appear to be justified from the above 
work, one of the reviewers will report reasons elsewhere for considering the 
question to be unsettled. 

Other phosphatases.—Hers et al. (286) have reported that the glucose-1- 
phosphatase activity of the livers and kidneys of laboratory animals is 
mainly in the microsome fraction. This is stated to be true also of the al- 
kaline phosphatases of intestine and kidney. One wonders, however, whether 
the brush borders of intestinal epithelial cells and proximal tubular cells of 
the kidney would not concentrate in the microsome fraction. The phospho- 
glucomutase and hexose diphosphatase of the liver remain in the soluble 
fraction. Part of the phosphorylase activity of liver and kidney was found in 
the soluble supernatant. 

Myokinase of mitochondria.—Barkulis & Lehninger (287) and Kielly & 
Kielly (288) found that in oxidative phosphorylation catalyzed by enzyme 
systems of washed liver particles (287) or washed mitochondria (288) the 
primary phosphate acceptor is ADP, so that the use of adenylic acid as ac- 
ceptor is dependent upon the presence of myokinase. The latter enzyme oc- 
curs in considerable concentration in liver mitochondria (288) and can be 
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inhibited by high concentrations of fluoride which however do not interfere 
with the use of ADP as phosphate acceptor. 

Adenosinetriphosphatase of mitochondria.—Kielly & Kielly (288) state 
that fresh mitochondria possess very little or no adenosinetriphosphatase ac- 
tivity, but that the adenosinetriphosphatase activity gradually increases 
during the process of aging. This interesting work probably should be re- 
peated with mitochondria disintegrated by sonic vibration, as fresh intact 
mitochondria may be impermeable to the substrate. 

De Duve et al. (289) conclude from a study of the acid phosphatase of 
mitochondria isolated from rat liver in 0.25 M sucrose that the substrate 
(glycerophosphate) is unable to penetrate the mitochondria unless the latter 
are disrupted. This is given as an explanation for the observation that the 
intact mitochondria have little action on glycerophosphate when 0.25 M 
sucrose or 0.25 M glycerophosphate without sucrose are used as suspending 
media. 

While this interpretation is plausible, it is also possible that 0.25 M su- 
crose and 0.25 M glycerophosphate may reversibly inhibit the enzyme. Con- 
trols using these substances in the presence of solubilized enzyme should 
therefore be included. 

Synthesis of cocarboxylase—The enzyme system responsible for the syn- 
thesis of cocarboxylase was found by Nielsen & Leuthardt (290) in the solu- 
ble protein fraction of rat liver cell homogenates, not in particulate fractions. 
ATP, magnesium and thiamine are required in the reaction. 

Isolated myofibrils.—At the cellular level, the adenosinetriphosphatase of 
isolated myofibrils of skeletal muscle was studied by Perry (291). Collagen- 
ase replaced trypsin in a modification of the method of Schick & Hass (292) 
for preparing isolated myofibrils. Myokinase, which was originally present 
in the fibrils, could be largely removed by washing. Trypsin appeared to 
cause a breakdown of the myosin of myofibrils into smaller fragments which, 
however, still possessed full adenosinetriphosphatase activity. The adeno- 
sinetriphosphatase activity of the myofibrils prepared by using collagenase 
compared favorably with that of Edsall myosin preparations. Both calcium 
and magnesium activitated the adenosinetriphosphatase of the myofibrils 
in the presence of 0.1 14 KCl, but when the fibrils were dissolved in 1.0 M 
KCl, the activating action of magnesium was converted into an inhibiting 
action. The adenosinetriphosphatase activity of the myofibrils was thought 
to be entirely accounted for by their content of actomyosin. 


ENZYMATIC HISTOCHEMISTRY 


Phosphatases.—A development of interest has been the finding that intra- 
cellular localization of alkaline phosphatase as determined histochemically 
by the Gomori method cannot be trusted, owing to diffusion phenomena 
(293, 294). Novikoff (295) and Gomori (296) have demonstrated that cal- 
cium phosphate diffuses and does not precipitate immediately upon forma- 
tion and it has a particular affinity for cell nuclei, since positive results were 
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obtained when tissue devoid of phosphatase activity was incubated in a 
medium containing added alkaline phosphatase. Positive results also were 
obtained when H,0, was added to liberate inorganic phosphate. The tissue 
was previously heated to destroy its inherent phosphatase activity. 

Enzyme activity in the nuclei was further investigated by the azo dye 
method in which a naphtholphosphate liberated by the enzyme is immedi- 
ately coupled with a diazonium salt to yield a colored dye. Liver and kidney 
nuclei are said not to be stained by this method. 

The reviewers believe that Novikoff and Gomori clearly confirm the 
earlier work of Martin & Jacoby (294), which in some respects is in disagree- 
ment with investigations of Danielli (293). A general re-evaluation of a great 
many histochemical studies of intracellular enzyme distribution may be 
necessary, because of possible failure to exclude diffusion of supposedly in- 
soluble reaction products. This by no means settles the question as to wheth- 
er cell nuclei contain alkaline phosphatase. The failure of the diazonium- 
dye method to demonstrate alkaline phosphatase within the cell nucleus 
may be caused by impermeability of the nuclear membrane to the diazonium 
salt, or by other factors such as the effect of fixation. Considerably more work 
will be required in view of the conflicting evidence. 

Belanger (297) has used polarized light to study the localization of the 
original calcium phosphate precipitate formed in the Gomori procedure with- 
out transforming this into cobaltous sulfide. This procedure might be very 
valuable in eliminating artifacts caused by the subsequent reactions ordi- 
narily used to obtain the cobaltous sulfide precipitate. 

Holter, Lévtrup & Rubin (298) state that cobaltous sulfide is not formed 
quantitatively in the Gomori procedure for histochemical phosphatase meas- 
urement, but it gives an acceptable rough measure of the tissue phosphatase 
present. 

Doyle et al. (299) have utilized methylene blue formation from the reac- 
tion of H.S with p-aminodimethylaniline sulfate in the presence of ferric 
chloride. The H.S arises from lead sulfide which is found in the Gomori histo- 
chemical test instead of cobaltous sulfide owing to its greater solubility in 
acid medium. In this way it was possible to study in a fairly quantitative 
manner conditions affecting the Gomori histochemical reaction. 

Ross & Ely (300) have demonstrated plant alkaline phosphatase histo- 
chemically. Positive results have been made possible by use of substrates 
other than glycerophosphate, which is not acted upon by the plant tissues 
studied in the Gomori test. Guanylic acid, ADP, ATP, DPN, hexose di- 
phosphate, and inorganic pyro- and metaphosphates were hydrolyzed. Hy- 
drolysis of RNA and DNA also was observed. However, glycerophosphate, 
disodium phenylphosphate, 3’- and 5’-adenylic acids, hexose monophosphate, 
and some other substrates were not hydrolyzed. The phosphatases of animal 
tissues were used as a control and hydrolyzed all of the phosphate substrates 
tested with the exception of sodium pyrophosphate. 

The localization of cholinesterase in striated muscle has been investi- 
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gated by Portugalov & Yakovlev (301), using histochemical technique. The 
enzyme was located at the myoneural junction, and also appeared to be 
present in muscle-cell nuclei and possibly to some extent in the muscle fibers. 

Other ensymes.—Campbell & Levvy (302) from a histochemical study of 
the localization of B-glucoronidase in the cells of normal and regenerating 
liver concluded that the enzyme is found chiefly in the nucleus in regenerat- 
ing tissue. This is in contrast to the finding that most of the enzyme is in 
mitochondria in normal nonregenerating liver. The presence of the enzyme 
in the nucleus in regenerating liver may account for the enchanced solubility 
of this enzyme in regenerating liver. This could lead to a better understand- 
ing of the relationship of the cell nucleus to enzyme synthesis if confirmed. 
Koelle (303) has studied the elimination of artifacts in the histochemical lo- 
calization of cholinesterases and has surveyed their cellular distributions. 

Seligman et al. (304) have studied the effect of formalin fixation on the 
activity of five liver enzymes that can be demonstrated histochemically, 
namely B-glucoronidase, sulfatase, acid and alkaline phosphatase, and es- 
terase. Ohara & Kurata (305) have described two methods for localizing sul- 
fatase histochemically, one in which PbSO, is first formed by action of the 
enzyme and then is converted to PbS; the others in which benzidine sulfate 
is first precipitated, followed by the development of a color with B-naphtho- 
quinone sulfonate. 

Ebner & Strecker (306) have been able to obtain positive histochemical 
tests for phosphoamidase in carcinoma cells of vaginal smears by using me- 
tallic activators. The acid amide of p-chloranilin-N-phosphinic acid was used 
as substrate, with maleic acid buffer. It was claimed that the carcinoma cells 
can be distinguished from other cells by intense enzyme activity in the nu- 
clei. This may have interesting diagnostic possibilities. 

By histochemical techniques Hellman (307) has studied the localization 
of cholinesterase in the foot pad of the cat, and Hunter (308) has studied 
the distribution of esterase in mouse embryos, and finds essentially the same 
distribution as in the adult animal. 


METHODS OF ENZYME CHEMISTRY 


Janecke (309) used permutite to inactivate acid phosphatase by removal 
of magnesium. Enzyme mixtures have been separated by Wallenfels & von 
Pechmann (310) by electrophoresis on filter paper. Amylase, proteinase, 
lipase, and phosphatase activities were thus separated from a mushroom 
culture. Amberlite I.R.C.-50 ion exchange resin was used by Talboys (311) 
in purifying a bacterial pectinase. Giri & Prasad (312, 313) used descending 
paper chromatography to separate amylases, with ethyl alcohol or acetone 
as solvents. The dried chromatogram was placed on 2 per cent agar contain- 
ing 1 per cent starch, incubated, and tested with iodine. Clear areas on a 
blue background indicated amylase activity. Analogous methods for locating 
enzyme activity can be used for phosphatases, urease, lipase, tyrosinase 
and doubtless many other enzymes. This agar plate method might be of 
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considerable value if applied to location of enzymes on filter paper after 
separation by electrophoresis which seems far more promising for enzymes 
than simple paper chromatography. 

Simonart & Chow (314) have been able to show a separation of Asper- 
gillus protease and amylase by the use of paper chromatography, with 
30 per cent ammonium sulfate as solvent (adsorption chromatography?) 
and also by starch column chromatography. Hirs et al. (315) have studied 
the separation of ribonuclease and lysozyme mixtures by column chroma- 
tography using synthetic resin, and have separated the two components. 
Lysozyme showed two peaks, each of which was active. This work is anal- 
ogous to that of Martin & Porter (117) who separated ribonuclease into two 
components by partition chromatography. 

Morton (316) and Kun (317) used butanol-water systems to obtain 
water solutions of enzymes ordinarily difficult to dissolve, such as the 
DPN-cytochrome-c reductase of animal tissues. Askonas (318) has made a 
careful study of the best conditions for separating soluble muscle enzyme- 
proteins by acetone at low temperature and controlled ionic strength and 
pH. Stetter (319) has written on the systematic application of enzymes to 
the analytical determination of natural products. 


ENZYMES IN PATHOLOGY 


Meikleham ef al. (320) have found that an 8 per cent casein diet caused 
a loss of forty-five per cent of the esterase of rat liver with a complete return 
to normal on a 21 per cent casein diet. A protein-free diet caused the esterase 
to drop to 30 per cent of normal in one week, with no further decrease on 
prolonged feeding of this diet. No marked changes in the intracellular dis- 
tribution of esterase occurred during protein depletion experiments. 

Rosenthal et al. (321) have studied the effect of normal and protein- 
depletion diets on the arginase, adenosinetriphosphatase, and rhodanese 
activities of regenerating rat liver following partial hepatectomy. Arginase 
increases in the premitotic phase of regeneration, while rhodanese and 
adenosinetriphosphatase decrease at the end of the premitotic phase. 
Protein catabolism stimulated arginase regeneration but not the regeneration 
of the other two enzymes. Protein-depletion diets caused an enhancement 
of the initial rate of protein restoration after partial hepatectomy, but did 
not alter the time of onset or rate of cell division. 

Ely & Ross (322) found by chemical measurement, that concentration 
of alkaline phosphatase (nitrogen basis) is greater in the livers of normal 
rats than of protein depleted rats, while the concentration of acid phospha- 
tase is not changed. Histochemically the activity of alkaline phosphatase 
also appeared to be increased by protein depletion, but that of acid phospha- 
tase was decreased. In this work unfortunately no measurements were 
made of the total acid and alkaline phosphatase of the livers. Glotzer & 
Seligman (323) confirm the initial fall and subsequent delayed rise in plasma 
lipase following total pancreatectomy in dogs. 
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Liener & Schultze (324) have found that liver arginase activity is 
markedly increased in newborn rats suffering from a uremia arising from 
the diet given the mothers. The enhancement of liver arginase activity, 
which closely paralleled the rise in blood urea concentration, could be 
prevented by the administration of vitamin Bj: which also prevented the 
development of the uremia. 

An interesting and informative review has been written by Stary & 
Tekman (325) on the clinical and pathological significance of hyaluronidase. 

Dalgaard (326) found that plasma alkaline phosphatase rises in biliary 
obstruction owing to increased retention caused by the failure of the liver to 
excrete the enzyme in the bile. Mithoefer & Rapoport (327) report a rise 
in plasma alkaline phosphatase following ligation of the hepatic veins in 
dogs, and believe that this results from an increased secretion of enzyme by 
the liver rather than from failure of the liver to excrete the enzyme. The 
two studies are not conflicting in view of the completely different situations 
in biliary obstruction and ligation of the hepatic veins. Dalgaard (328) 
finds that plasma alkaline phosphatase administered to dogs by transfusion 
with phosphatase-rich blood is distributed initially only in the plasma of the 
recipient, and disappears very slowly. 

Vogel (329) observed that purified pancreatic lipase can produce de- 
myelination of nerve fibers both in vitro and when given in vivo by intra- 
cerebral or intramuscular injection, while proteolytic enzymes do not have 
this property. In vivo, lesions are produced in rabbits which simulate those 
of multiple sclerosis. The latter also noted (330) a lipolytic enzyme in the 
cytoplasm of reactive histiocytes of guinea pigs with experimentally- 
produced encephalomyelitis. 
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CHEMISTRY OF THE CARBOHYDRATES! 


By R. MONTGOMERY AND F. SMITH 
Division of Agricultural Biochemisiry, University of Minnesota, 
St. Paul, Minnesota 


DETERMINATION OF ABSOLUTE CONFIGURATION 


By use of the crystalline sodium rubidium salt of dextro- and of levo- 
tartaric acid and zirconium Ka radiation which excites only the rubidium 
atoms, it is claimed that it is possible to distinguish between the above enan- 
tiomorphs. The conclusion was reached that structure (I) assigned to dextro- 
tartaric acid according to the Fischer convention is correct (1). This re- 


CHg 
HCOCH3 
OOH HOCH 
7" CHO E HCOH COOH 
HOCH HOCH HgNCH HCOH CH30CH 
COOH CH20H CHg CH20H CHg 
I bi bi IV Vv 


verses a previous finding (2) concerning which some doubt had been ex- 
pressed (298). If this most recent work is correct then the configurations 
assigned to the sugars are absolute. Furthermore, a method (3) for correlat- 
ing L(levo)-glyceraldehyde (II) with (dextro)-alanine (III) has been extended 
to the correlation of 2-methyl-1-desoxy-p-glucitol (IV) with L(dextro)-methy]l- 
lactic acid (V) (4), so that the configurations of the amino acids are also 
now placed on an absolute basis. Since p-glyceraldehyde and pD-serine have 
been shown to have the same configuration, the relationship between car- 
bohydrates, hydroxy acids, and amino acids has also been determined (5) 
by the following transformations: 


NaN; 
(dextro)CH;CHBr: COOH—————-_—>CH;;: CHN; - COOH 
(inversion) no inversion 
CH;CH(NH:)COOH 
p-alanine 





The absolute configuration of the groups at C, in B-p-xylopyranosyl benzene 
(VI) has been ascertained in an ingenious manner. Oxidation of (VI) with 


1 The survey of the literature pertaining to this review was concluded in October, 
1951. 
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periodate gives phenyl! diglycolaldehyde (VII) which upon further oxidation 
yields phenyl! diglycolic acid (VIII) the amide of which was identical with 
p(dextro)-2-phenyl diglycolamide prepared from L(dextro)-mandelic acid 
(IX) (69). These investigations together with the work on ring conforma- 
tions (6, 7, 299) represent outstanding progress in structural studies. 


FUNDAMENTAL REACTIONS AND SYNTHESES 


Qualitative and quantitative analysis of sugars—New methods for the 
qualitative and quantitative analysis of sugars continue to be sought par- 
ticularly with reference to mixtures of sugars separated by paper chromato- 
graphic techniques. Monosaccharides have been differentiated from other 
sugars by their reaction with ammonium molybdate (92). This, under spe- 
cific conditions, is a means of identifying fructose. More general for ketose 
sugars is the color reaction under reflux with thymol-hydrochloric acid in 
acetic acid (93), the limit of sensitivity for sucrose being 0.01 mg. in 1 ml. of 
solution. Hexoses in general may be detected and differentiated from pen- 
toses and other sugars by reaction with diphenylamine (94) while methyl- 
pentoses have been detected spectrophotometrically by reaction with cys- 
teine and sulfuric acid (95). Amino sugars may be separated and identified 
by the formation of their fluorodinitrophenyl (96) or 2,4-dinitropheny] 
derivatives (97), both of which have been studied chromatographically. 
Glucuronic acid has been identified by its polarographic half wave potential 
of —1.0 to —1.1 v. in dilute hydrochloric acid but the method as such cannot 
be used for quantitative determinations (98). Keto acids have been located 
on a paper chromatogram by forming the semicarbazones which were viewed 
with an ultraviolet lamp (99). 

The colorimetric methods of analysis for sugars and their degradation 
products, such as glycolic acid (100), glycerol (101), and the trioses (102), 
have received considerable attention but the more generally accepted macro- 
and semi-micro methods for the analysis of sugars (103, 104), uronic acids 
(105), and desoxypentosenucleic acids (106) have also been re-examined. 
Reducing sugars have been detected and estimated on paper by their reac- 
tion with alkaline triphenyl tetrazolium chloride (107), the method being 
sensitive to 5 wg of sugar. Keto-sugars have been determined colorimetrically 
using their reaction with cysteine and carbazole in the presence of sulfuric 
acid (102) and sucrose has been determined (108) on a paper chromatogram 
by the arsenomolybdate-Somogyi reagent. The colorimetric determination 
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of pentoses and pentosans using acidic aniline solutions (109, 110) and of 
sugars using the aniline-phthalate method (111) has been applied to methyl- 
ated sugars (112). However the most general method of sugar analysis em- 
ploys the color generated by the reaction with phenol and sulfuric acid (113). 
This applies to reducing and nonreducing oligosaccharides, methylated 
sugars, ketoses [not determined by the aniline-phthalate method], and to 
pentoses [not readily determined by the anthrone method (114)]. The ap- 
plication of the phenol-sulfuric acid method to sugars separated by paper 
chromatographic techniques has permitted the estimation of individual 
sugars in complex mixtures, an important problem in the determination of 
insulin requirements in diabetics and in food analyses. It is possible to esti- 
mate rapidly the mole ratios of sugars in the hydrolysates of polysaccharides 
and their methylated products in very small amount. 

Reducing sugars have been determined by an application of the Kiliani 
reaction followed either by the determination of the cyanide consumed (301) 
or by hydrolysis of the intermediate cyanohydrin sugar and estimation of 
the ammonia evolved (115). The method was also applied to an end group 
assay of cellulose on the assumption that the latter possesses a terminal re- 
ducing group. Modifications in the Elson and Morgan method for the esti- 
mation of hexosamines have been suggested (116, 117) and an alternative 
method has been studied in which the ammonia from an alkaline degradation 
of the glucosamine was estimated by Nesslerization (118). 

Periodate oxidations.—A study of the structure of carbohydrates by the 
application of periodate oxidation techniques has continued to lend support- 
ing evidence in many cases to the knowledge gained by methylation studies. 
The oxidations of raffinose (70) and a- and B-chloralose (71) have been re- 
ported while the structure of an adenylthiomethyl pentose (72) has been 
proved to be 9’-(5-thiomethylribofuranosyl) adenosine. The periodate oxida- 
tion of thioglucosides proceeds with oxidation of the sulfur and liberation of 
iodine (73). 

It is increasingly obvious that some caution must be exercised in drawing 
conclusions from negative results of periodate oxidations. For example, 2- 
and 3-monomethyl-L-rhamnose and 2,3- and 3,4-dimethyl-L-rhamnose are 
incompletely oxidized by sodium metaperiodate (74), the last mentioned 
sugar consuming 70 per cent of the theoretical amount of periodate, but 
liberating only 10 per cent of the theoretical amount of formic acid; the re- 
mainder of the formic acid was no doubt held as a formyl ester. The 2,3- 
dimethyl-L-rhamnose consumes only 10 per cent of the theoretical amount 
of periodate (74), and similar anomalies have been observed for other methyl- 
ated sugars (75, 76). Furthermore, both 8-1,6-anhydro-p-glucofuranose (77) 
and a-1,6-anhydro-p-galactofuranose (78) are completely resistant to perio- 
date oxidation although each possesses a glycol group. This resistance is 
attributed to the stereochemical effects caused by the presence of two inter- 
locking rings. The importance of this observation in connection with the use 
of periodate oxidation in structural studies is that certain sugar residues 
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may not undergo cleavage by periodate if the stereochemical arrangement 
of the polysaccharide molecule forces them to assume a rigid conformation 
in which the adjacent hydroxyl groups take up fixed trans positions with re- 
spect to each other. Such a contingency might possibly affect the behavior 
of the interior but not the terminal units and hence is unlikely to interfere 
with the very convenient periodate method of end group analysis (79, 80, 
81). However, in such an end group assay, the rate of liberation of formic 
acid does not necessarily follow that of periodate consumption. The relative 
rates frequently differ with the type of carbohydrate and the reaction con- 
ditions. It is also said to be necessary to maintain the formic acid liberated 
at 0.002 N or less in the reaction mixture if unbuffered periodate is used for 
oxidation (82), but in solutions buffered at pH 3.09 with sodium acetate and 
hydrochloric acid, formic acid, 0.05 to 0.01 N, remains unaffected by perio- 
date. No other side reactions are observed if an excess of periodate is main- 
tained (82) unless the reaction, using sodium periodate, is carried out in day- 
light when cellulose, B-methyl glucoside, and B-methy]l cellobioside consume 
more than the theoretical amount of periodate (83). 

Photosynthesis and biosynthesis.—The work with radioactive carbon diox- 
ide (C*O,), in which the three carbon fragments, phosphoglyceric and phos- 
phopyruvic acid, were recognized among the first products to be formed in 
photosynthesis (8), has further demonstrated that in the synthesis of sucrose 
the fructose moiety is labeled before the glucose (9). There is also evidence 
that the seven carbon sugar sedoheptulose may play a significant role in 
carbohydrate synthesis (10). It would be interesting now to know what inter- 
play there is between photosynthesis of carbohydrates and amino acids for 
it is clear that radioactive tracers have revealed only the beginning. 

Certain tetroses, pentoses, and hexoses have been synthesized by aldol 
condensation of the simple hydroxy-aldehydes and ketones and separated 
by partition chromatography. Thus p-glyceraldehyde and glycolaldehyde 
have given DL- and D-forms of lyxose, ribose, xylose, and arabinose, while 
dihydroxyacetone reacts with glycolaldehyde to give a similar mixture. Gly- 
colaldehyde yields tetroses and hexoses while condensation of D-erythrose 
with dihydroxyacetone affords what appears to be a heptulose (11). A mix- 
ture of sorbose and fructose is formed when glyceraldehyde is treated with 
alkali (12 to 15). 

These contributions support the view that most naturally occurring 
sugars are synthesized from two, three, and four carbon fragments. While 
some transformations do occur, such as the conversion of D-glucose into D- 
fructose and of D-galactose into D-glucose (16), others are postulated, such 
as D-glucose—D-glucuronic acid-—»D-xylose and D-galactose ~p-galacturonic 
acid -—>L-arabinose, which are quite attractive theoretically, but they prob- 
ably do not take place. In this connection it is to be noted that in studies on 
plant gums, mucilages, and other polysaccharides, which are composed of 
several types of monosaccharide residues (271), D-galactose, D-galacturonic 
acid, and L-arabinose are widely distributed, but the first two have pyranose 
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structures while the last has only been found in the furanose form. More- 
over, D-glucuronic acid is invariably found in combination with p-galactose 
and not with D-glucose (17). 

Ascent and descent of the series—The classical methods of Wohl, Ruff, 
and Weerman for the descent of the series are reliable, but they do not al- 
ways provide good yields in spite of variations (18). The Ruff method for 
preparing D-arabinose from D-gluconic acid is improved by the use of ion- 
exchange resins to remove inorganic material (19). The method involving 
the action of bases on sugar disulfones is a great improvement over the 
older methods and yields of 80 to 90 per cent are possible (20). Descent of 
the series is also brought about by treatment of sugar oximes with 2,4-dini- 
trofluorobenzene. The yields are not always high, but isolation is facilitated 
by forming the p-nitroanilide from which the sugar is readily regenerated 
(21). 

The Kiliani method for ascending the series has been applied to D-altrose 
(22). When carried out with sodium cyanide instead of hydrogen cyanide, 
L-arabinose gives a greater amount of L-gluconic acid than L-mannonic acid 
(23), whereas when hydrogen cyanide is used the mannonic acid isomer pre- 
ponderates. 

The excellent method of condensing nitromethane with an aldose to give 
the next higher aldose has been utilized for preparing heptanoses. The yields 
are better than those with the cyanhydrin method (24). A variation of the 
nitromethane method, using 8-nitroethanol and an aldose such as D-arabi- 
nose, gives a mixture of two aci-nitro-alcohols (CHz,OH(CHOH),C(CH;0H): 
NO:Na) which upon acidification yields p-glucoheptulose and D-manno- 
heptulose (26). With its application to the synthesis of desoxy sugars (27), 
this nitroalkane reaction represents a major discovery in the synthetic field 
of carbohydrate chemistry. The reaction between an acid chloride and diazo- 
methane followed by hydrolysis of the diazoketone is an excellent method for 
synthesizing ketoses as shown by the formation of L-mannoheptulose (25). 

N-Glycosides.—T he anilides of sugars have long been known (28, 29), but 
structural studies have not been carried out because many of them are un- 
stable and they readily undergo mutarotation. Their principal use has been 
for the characterization of sugars and their methyl] derivatives (30); this has 
provided a large number of reference compounds for identification purposes 
and until recently there was little tendency to use other aromatic amines 
(31, 32), in spite of the fact that they react as well as, or better than aniline, 
as is the case with p-nitroaniline (33). 

The recognition of the N-glycoside type of structure in nucleic acids and 
their intermediate formation in the synthesis of riboflavin has stimulated 
interest in this field. The well-known phenomenon of mutarotation of anilides 
has always offered the possibility of isolating a second anomer, but so far 
this has not been realized except in the case of the acetylated anilides (34). 
Epimers, such as D-glucose and D-mannose, may be separated by the fact that 
the isomer with cis-hydroxy! groups at C, and Cs gives N-glycosides with 








84 MONTGOMERY AND SMITH 


aniline, toluidine, and xylidine which form crystalline precipitates with boric 
acid, whereas the epimer, glucose in this example, remains in solution (35). 

Simple amino acid N-glycosides have been prepared by reacting the free 
acids or their esters with glucose and with lactose (36, 37). By utilizing 1- 
fluoro-D-glucose, which unlike the acetohalogen sugars is relatively stable to 
water, derivatives have been made with certain proteins (38) as well as 
amino acids (39). Such reactions as these, and those involving the direct in- 
teraction of amino acids with simple aldehydes (40) and sugars (41), will un- 
doubtedly throw considerable light on the biologically important combina- 
tions of proteins with carbohydrates, some of which are extremely difficult 
to break. These complexes are also being investigated in cereal chemistry (42). 

O-Glycosides—Acetobromosugars, often the source of glycosides, may 
be made in good yield directly from sugars by acetylation with acetic an- 
hydride in the presence of perchloric acid and generation of hydrogen bro- 
mide in situ (43). This is very similar to a method previously recommended 
(44). 

The acetobromosugars which may be preserved by adding small amounts 
of calcium carbonate (45) react with alcohols, when they are of the trans type 
like a-acetobromo-D-mannose, via a solvated ortho ester, the reaction being 
dependent upon the solvent. A cis halide such as acetobromo-D-glucose does 
not form an ortho-ester, and in consequence the reaction is independent of 
solvent and temperature changes (46). 

Condensation of acetobromosugars with alcohols is improved by salts 
such as phenylmercuric acetate and others which form complexes (47). The 
reaction with organo cadmium reagents yields 1,2-alkylidenes (48), and with 
selenomercaptans B-selenoglycosides are formed (49). 

The discovery that 2,3,4-tribenzoyl-D-ribopyranosyl bromide is the f- 
anomer (51) and that no inversion takes place when it reacts with alcohol 
(52) has led to another general method for making glycosides. Because of the 
steric effects of the benzoyl group, the group at C; always assumes a trans 
position with respect to the C, benzoyl. Thus tetrabenzoyl-p-mannosyl 
bromide is an a-isomer and gives with methanol methyl-a-tetrabenzoyl-p- 
mannoside, whereas tetrabenzoyl-p-glucosy! bromide has a §-configuration 
and gives a B-glucoside (53). Studies on arabinose (54), lyxose (55), xylose 
(54), and rhamnose (56) conform to the above rule. Since no ortho-ester is en- 
countered in reacting the benzoyl derivatives of glycosyl halides with alco- 
hols, they will undoubtedly be of great value in synthetic studies. 

The general reaction of a sugar with an alcohol to give a glycoside can be 
catalyzed by insoluble cation exchange resins. The glycoside is isolated by 
evaporation of the solution (50, 283). 

Transglycosidation——A number of interesting results have been obtained 
in transglycosidation especially as it applies to the synthesis of oligosac- 
charides. Pacsu discovered in 1928 that certain B-glycosides were transformed 
into a-glycosides by the action of stannic chloride or titanium tetrachloride 
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(57, 58). The latter appears most useful, but others such as antimony penta- 
fluoride (59), boron trifluoride (60), and a mixture of sulfuric acid and acetic 
anhydride (61) have been used. Transglycosidation can sometimes be ef- 
fected by alkaline reagents as in the case of 2,3,4,6-tetraacetyl B-2,4-dini- 
trophenyl-p-glucoside which gives the a-anomer when treated with pyridine 
and ascarite (62). The 8a intramolecular (61) transformation with acidic 
reagents is proportional to the electron-repelling nature of the alkyl group 
at C, (64, 65). An important development of this work is its extension to 
changing a 1,6 biose link from 8 to a. Thus treatment of gentiobiose octa- 


acetate (G pos G) with titanium tetrachloride in chloroform gives a 
a 


46 per cent yield of isomaltose octaacetate (G ;—— G) (66). Similarly the 
octaacetyl derivative of 6-8-p-galactopyranosy1-D-glucopyranose (Ga ; é 73 
G), formed from a-acetobromo-p-galactose and 1,2,3,4-tetraacetyl-p-glu- 
cose, gives rise to the octaacetyl derivative of 6-a-p-galactopyranosyl-p-glu- 
copyranose (Ga ; + , G) and thus provides a new synthesis of melibiose 
(67). Acetobromo maltose has been reacted with 1,2,3,4-tetraacetyl-p-glu- 














cose to give the expected acetate of a trisaccharide (G ;—“—4 G io G), 
the new linkage being 8 as expected, and this with titanium tetrachloride 
yields the acetate of 6-a-maltopyranosyl-p-glucopyranose (G -— G 
i < = G) (68) as indicated by rotational data. 


Steric forces resulting from the introduction of a 3,6 anhydro ring greatly 
affect the ease and rate of transglycosidation (63). 

Desoxy sugars.—So far as simple carbohydrates are concerned, it is in- 
creasingly apparent that the modification of a group or ring system has an 
effect which is transmitted to all parts of the molecule. A study of the reac- 
tions of desoxypentoses and desoxyhexoses and their derivatives has demon- 
strated the marked effect produced by the introduction of a desoxy group. 
2-Desoxy-D-galactose, the preparation of which by the glycal method having 
been reinvestigated (84), undergoes oxidation and reduction at a rate greater 
than that observed for p-galactose. The effect was also noticed in the greater 
ease of hydrolysis of the methyl glycosides and the 3- and 6-phosphate esters 
(85) of 2-desoxy-p-galactose. The labile nature of the glycosidic group in 
methyl 2-desoxy-D-galactofuranoside was such that on slow distillation this 
compound lost methanol and formed short chain polysaccharides which 
probably have 1,6 linkages (86). This type of polymerization has also been 
noted in the corresponding derivatives of D-glucose (87) and L-ribose (88). 

In attempts to prepare 2-desoxy-L-ribose in improved yields, cleavage of 
the anhydro ring in 2,3-anhydro-p-arabinose derivatives with lithium alumi- 
num hydride has been reported (89, 90) but this resulted in a predominance 
of the 3-desoxyxylose isomer. A novel synthesis employs the product from the 
condensation of monoisopropylidene glyceraldehyde and allyl magnesium 
bromide, but no data are given concerning the yield of the products (91). 
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POLYSACCHARIDES 


The classical studies in carbohydrate chemistry determined the main 
structural features of a number of commonly occurring polysaccharides such 
as cellulose, starch, glycogen, and inulin, etc. With slight variations the 
methods have been and still are being successfully applied to other neutral 
polysaccharides, such as the various mannans, galactans, galactomannans, 
arabans, and xylans, and also to the more complex polysaccharides, such as 
plant gums, mucilages, algal polysaccharides, and mucopolysaccharides. The 
introduction of partition chromatography for separating sugars now enables 
the composition of polysaccharides and their methyl derivatives to be de- 
termined with ease, exactitude, and rapidity on small amounts of material. 
Many of the results obtained by the older and slower methods have been 
confirmed. At the same time, additiona! products in the cleavage fragments 
of polysaccharides and their methyl derivatives have been revealed that 
could not be detected by the older and less sensitive methods. This new in- 
formation has demonstrated that revisions of a minor nature will have to be 
made in the structure assigned to certain polysaccharides, one result of 
which may be the postulation of new ideas concerning the enzymic break- 
down and synthesis of some of these polysaccharides. 

Partition chromatography for the separation of sugars and their methyl 
derivatives is so effective and the spot tests for detecting them are so sensi- 
tive that the problem now is to decide whether a minor component is of 
structural significance or whether it is an artifact and need not therefore be 
taken into consideration. In a number of cases a decision can be made es- 
pecially when the component in question is formed in fairly high yield, but 
in others it cannot because the origin of the possible artifacts has not been 
determined. The significance of the new information provided by partition 
chromatography may be seen by reference to three examples: 

Methylated glycogen gives upon hydrolysis 2,3,4,6-tetramethyl-(1 part), 
2,3,6-trimethyl-(9-10 parts), and dimethy!-p-glucose (1-2 parts). The first 
arises from the terminal nonreducing glucose residues and the second from 
residues joined by 1,4 glycosidic bonds. Now, chromatographic analysis has 
shown that the third fraction is not a single component but a mixture in 
which the 2,3-dimethyl glucose forms the major constituent (181, 255). At 
least one other dimethyl] glucose is present, probably the 2,6-dimethyl deriv- 
ative. It is generally accepted that the 2,3-dimethyl sugar is derived from 
a glucose residue triply joined through positions 1, 4, and 6. Does it follow 
therefore that the 2,6-dimethyl-p-glucose arises from a residue linked 
through positions 1,3, and 4 and thus mean that glycogen contains 1,3 as 
well as 1,4 and 1,6 links; is it produced from 2,3,6- or 2,4,6-trimethyl-p- 
glucose by demethylation during hydrolysis of the methylated polysac- 
charide; or is it formed as a result of incomplete methylation? The same 
problem has arisen in the case of starch (149, 182). 

The araban extracted from gum tragacanth and the algal polysaccharide 
fucoidin have been completely methylated and subjected to hydrolysis. The 
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former gives free L-arabinose (271) and the latter free L-fucose (293). Are 
these two compounds produced by demethylation or as a result of incom- 
plete methylation or from sugar units with all their hydroxyl groups involved 
in union with other sugar residues? 

Inulin is representative of a growing number of polysaccharides which 
upon hydrolysis give more than one component sugar; it gives D-fructose and 
a small amount of D-glucose easily detected by partition chromatography 
(243). Here the question arises as to whether the minor component has been 
produced by epimerization or whether it is derived from a polysaccharide 
impurity which is not separated by the usual methods from the main poly- 
saccharide. 

These preliminary considerations will serve to show that, before minor 
components of hydrolysates of polysaccharides are assumed to be of struc- 
tural significance, it should be ascertained that they are neither artifacts nor 
derivatives of impurities. To adopt the view that all the components de- 
tected by paper partition chromatography are of significance is to invite er- 
roneous structural conclusions. The present status of polysaccharide chemis- 
try requires new studies of the possible side reactions involved in methanoly- 
sis and hydrolysis. Extensive purification of polysaccharides is also needed, 
probably by entirely new methods. Only thus will it be possible to interpret 
and correlate the chemical and biochemical results. 

Cellulose—There may be an anomalous type of linkage in cellulose but 
its exact nature is still unknown. The evidence is based upon physical meas- 
urements during degradation (134), by comparison of methylated celluloses 
prepared in air and in the absence of air (132, 133), and upon hydrolysis 
studies (134). An average value of 500 for the repeating unit has been ob- 
tained by subjecting cellulose to the action of potassium cyanide followed by 
determination of the amount of nitrogen in the resulting cellulose cyanhy- 
drin (115). The presence of an acetal type of linkage (134) has been criticized 
(135), but it has had the beneficial effect of stimulating interest in fundamen- 
tal cellulose chemistry (136, 286). 

While a determination of cellulose based on the amount of material in- 
soluble in acid and in alkali, has little chemical meaning, it is often of 
considerable value. A new method involves treating the sample with per- 
acetic acid to remove everything but the cellulose (137). Electrophoresis in 
cupriethylene diamine is said to distinguish various types of cellulose and to 
show that in those cases studied the cellulose appeared to be heterogeneous 
(136). 

That some of the primary alcoholic groups in cellulose are bound by hy- 
drogen bonding or protected by steric hindrance is indicated by the appear- 
ance of a gradually increasing -number of primary alcoholic groups (deter- 
mined by tritylation) as cellulose acetate is subjected to progressive hy- 
drolysis (138). 

Infrared studies on periodate-oxidized cellulose show that the aldehydic 
groups are hydrated as in the analogous case of periodate oxidized 4,6- 
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benzylidene-a-methyl-pD-glucoside (139). It seems very likely that other 
periodate-oxidized polysaccharides exist in the hydrated state. 

Glycogen.—Glycogen has been obtained from a wide variety of sources 
including animal liver, fish liver, intestinal worms, rabbit muscle, mussels 
(81), and bacterial cells (143), and it is reported to be present in cervical 
mucus (144). Pure glycogen shows a specific rotation of about +195° in 
water and a value of about 12 for the repeating unit. Unless protein impuri- 
ties are removed, low values are obtained for the specific rotation and high 
values for the repeating unit as determined by periodate oxidation (143). A 
check on the purity of samples of glycogen, obtained from the livers of rab- 
bits after fasting and feeding of certain sugars might well be made where 
high values for the repeating unit are reported (145). A polysaccharide ob- 
tained from sucrose by the action of the organism Neisseria perflava gave a 
blue color with iodine, like starch (158). It did not appear to contain any 
amylose and by the methylation (159) and periodate methods (81) it had a 
repeating unit of about 12. (Bernard described a glycogen from muscle which 
gave a blue color with iodine (160).] The nature of the phosphorus in glyco- 
gen and starch has not been actively studied but it seems to be an important 
biochemical problem. Glycogen from rabbit and guinea pig livers is said to 
contain residues of glucose-6-phosphate (140). For every 500 glucose units 
there are said to be four phosphate groups and one uronic acid group (141). 
The latter was determined as furfural and too much reliance cannot be put 
on such a figure. Determination of the primary hydroxyl groups by tosyla- 
tion followed by iodination indicates that two out of five primary hydroxyl 
groups are not esterified (142). 

The presence of 1,6 glycosidic bonds has been proved by graded hydroly- 
sis and the isolation of isomaltose (G ae G) (146). Periodate-oxidized 
glycogen has been hydrolyzed and analyzed for residual glucose. The result 
indicated that there was less than one branching in the 2 or the 3 positions 
for every 40 branchings in the 6 position (147). How exact this result is can- 
not easily be judged inasmuch as hydrolysis of periodate-oxidized polysac- 
charides is accompanied by considerable decomposition. 

Starch—Native starch is regarded by Sutra as a polymer of polymers 
[(C6Hi005)n]p. In potato starch the phosphoric acid is combined directly 
with the starch chains, whereas in wheat starch it is loosely bound in the 
form of phosphatides. Amylose and amylopectin are regarded as products of 
a depolymerization process. There is much evidence to support the view 
that amylose and amylopectin are present as such in native starch possibly 
bound by associative forces or hydrogen bonds, but the work of Sutra (153) 
and of Dumazert (154) are worthy of attention. 

Most of the work has been on corn or potato starches but information 
has been obtained on starch from apples (148) and barley (149) showing that 
they contain 24.8 and 19 per cent amylose respectively. A high amylose corn 
has been developed by plant breeding experiments (151). 

Starch is synthesized by the organism Polytomella coeca using ethanol or 
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acetic acid as a source of carbon. Since these substrates can be obtained with 
radioactive carbon, another way is provided for the syntheses of radioactive 
starches (150) in addition to those using plants (152) and radioactive carbon 
dioxide. . 

Pretreatment of starch by boiling for 1 hr. with pyridine eliminates the 
necessity of gelatinization before acetylation with acetic anhydride and py- 
ridine (156). Phosphates of starch can be produced by the action of phos- 
phorus oxychloride and pyridine (157). Such phosphates of polysaccharides 
might well prove useful as exchange resins. Formates have also been pro- 
duced and the distribution of the formyl groups determined by periodate oxi- 
dations (155). 

An improved separation of amylose and amylopectin from potato starch 
using a combination of the aluminum hydroxide and the thymol methods is 
reported (162). It would be interesting to test this method on starches having 
low phosphorus content. In spite of improvements, the separation of amylose 
and amylopectin is still a laboratory experiment. Fractionation of soluble 
starch on alumina is said to give three fractions as shown by iodine develop- 
ment (163), and a similar experiment has been carried out with glycogen 
(164), but the nature of the fractions is not clear. Considering the high 
molecular weights of these polysaccharides, this is perhaps not unexpected. 
It is surprising there are only three fractions. A closed system which pre- 
vents loss of iodine by vaporization has been described for the potentiometric 
iodine titration (165). An electrophoretic method capable of separating the 
hydrolysis products of starch as their iodine complexes (161) would be worth 
investigating for testing the homogeneity of other polysaccharides. 

Information accumulates on amylose complexes (166) and the relation- 
ship between complex formation and chain length (167). The action of hy- 
pochlorite on starch, which forms: the basis of an important industrial proc- 
ess, is not well understood. A preliminary study with amylose indicates that 
part of the acidity produced by hypochlorite is due to uronic acid residues 
(168). The rest may be due to cleavage of the sugar rings and subsequent 
oxidation of the aldehyde groups so produced. Oxidation at Cg. can be ef- 
fected with nitrogen peroxide and in this reaction it is claimed that amylose 
provides more uronic acid residues than amylopectin (169). 

There seems now to be a possibility that amyloses from different sources 
have different molecular weights either as a result of a difference in chain 
length or because of branching (170). Previous work comparing molecular 
weights obtained by periodate and osmotic pressure measurements also in- 
dicated this (171). An answer to this question may be forthcoming in the 
near future as a result of several methods for determining the molecular 
weight. Thus allowing radioactive sodium cyanide to react with amylose 
gives a polysaccharide cyanhydrin in which the carbon of the —CN group is 
radioactive. By comparing the radioactivity of the product with that of 
analogous substances of known chain length it becomes possible to ascertain 
the average chemical molecular weight of amylose (172). The same result 
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should be obtainable by determining the amount of nitrogen in the amylose 
cyanhydrin with a method recommended for ce!lulose (115). Modification 
of the reducing end of amylose by reduction to ‘‘amylitol’’ with sodium 
borohydride followed by determination of the sorbitol produced on hydroly- 
sis should provide the same result for the chemical molecular weight. A com- 
parison of this with the value for the molecular weight from periodate studies 
should indicate whether a particular sample of amylose has one or more 
branches (173). 

The presence of a 1,6 linkage in amylopectin has been established by con- 
trolled hydrolysis with dilute mineral acid and the isolation of 6-(a-p-gluco- 


pyranosyl)-p-glucose (G i G), sometimes designated brachyose or iso- 
maltose. The yield is low (1 per cent), but it is not believed to be a reversion 
product. Glucose and maltose were produced at the same time, but chroma- 
tography of the acetates enabled what would otherwise have been an ex- 
tremely difficult separation to be done with relative ease (174). The separa- 
tion might be simplified by extending the hydrolysis of the amylopectin 
until only glucose and isomaltose remained to be separated. 

A maltotriose formed from amylopectin by the action of a barley malt 


has been shown to have the structure G ; “qj G ; + G by methylation 
studies (176). 

Methylation of amylopectin by methyl iodide and sodium in liquid am- 
monia, an excellent method for the methylation of unfractionated starch 
(184), has shown that it is necessary to add the reagents gradually in order to 
avoid depolymerization (183). This process of depolymerization, readily 
recognized by viscosity measurements and already noted in methylation 
studies of cellulose (132), presents one of the most intriguing and important 
structural problems in carbohydrate chemistry. 

Schardinger dextrins—The a, B, and y dextrins produced from starch by 
the action of an enzyme from Bacillus macerans contain 6,7, and 8 glucose 
units respectively joined by 1,4 a-glycosidic bonds. All these have cyclic 
structures since none gives formic acid by periodate oxidation (214) when 
one mole of periodate is consumed for each anhydro glucose unit (215, 300). 
The constitution of the dextrins is of no significance as far as starch structure 
is concerned since they are formed from starch by degradation to simple 
fragments followed by resynthesis (216), and furthermore it has been sug- 
gested that some §-glycosidic bonds may be present in the a-dextrin (218). 
The so-called s- and r-dextrins are adducts of the a- and #-dextrins with 
higher alcohols (214). Information on the mode of action of B-amylase (from 
soybeans) and on the structure of the linear amyloheptaose from the 8-dex- 
trin is forthcoming from the fact that the heptaose is attacked by this par- 
ticular amylase giving two moles of maltose and one mole of maltotriose. No 
amylopentaose is formed (217). 

The combined action of maltase and B-amylase upon the a-dextrin has 
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been found to give glucose and maltose. The methylated a-dextrin, said to 
be crystalline, gives a 93 per cent yield of 2,3,6-trimethyl-p-glucose (218). 

Dextran.—Periodate oxidation of dextran proceeds without over oxida- 
tion and the presence of both 1,4 and 1,6 linkages can be detected. The ratio 
of the two types of linkage appears to vary with the strain of organism used 
for producing dextran (80). The interesting observation has been made for 
the first time that an enzyme system from Acetobacter capsulatum is capable 
of converting a 1,4-glucosan polymer into dextran. Virtually every link in 
the glucosan substrate is involved in this reaction, the glucose residues being 
split off one by one and incorporated in the dextran molecule. Suitable sub- 
strates range from large molecular weight starch dextrins, which gave a color 
with iodine, to three and four unit oligosaccharides from starch. Amylose, 
amylopectin, and glycogen after suitable treatment with acid or salivary 
amylase act as satisfactory sources of glucose residues, as do amylopentaose 
and sodium amyloheptaoate (219). The mechanism of the reaction is not 
known but it is hoped that this will be forthcoming from further studies 
which will be awaited with interest. 

Polysaccharides which may serve as blood extenders, as dextran does, re- 
sult from the ingenious random polymerization brought about by evaporat- 
ing strong solutions of glucose in the presence of small amounts of hydro- 
chloric acid. Methylation studies have revealed the highly branched charac- 
ter of the polymer (220). 

Mannose-containing polysaccharides—A technical preparation (‘‘Heli- 
sol’’) has been found to contain one enzyme which attacks the 1,4 glycosidi- 
cally linked mannose units of carob bean (Ceratonia siliqua. L.) gum and 
another capable of cleaving the galactose side chains. The latter do not ap- 
pear to be evenly distributed along the main mannose chain (221). The galac- 
tomannan of the guar bean (Cyamopstis tetragonaloba) seed has been shown 
by methylation studies to be closely related to carob gum in its main struc- 
tural features (222, 223). That some mannose units of guar gum are joined 
by 1,4 bonds is revealed by acid hydrolysis (224) and by the action of an 
enzyme in the germinated guar seed whereby 4-D-mannopyranosyl-D-man- 
nose (M; 4M) is produced (225). This enzymic degradation closely fol- 
lows that employed many years ago in a study of carob bean gum (226, 227). 
Acid hydrolysis of guar gum which also provides 6-p-galactopyranosyl-p- 
mannose (224) indicates that many if not all of the galactose side chains are 
joined to position 6 of the mannose residues in the main chain, a view sup- 
ported by the x-ray data (231). 

The union of D-mannose residues by 1,4 bonds found also in the mannan 
of seaweed, Porphyra umbilicalis (228) is a general feature of mannans which 
are widely distributed (229) and which may well become of industrial im- 
portance (230). 

Polyfructosans.—The significant development in this field is the chemical 
and biochemical evidence that many of the fructosans contain D-glucose 
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which may be present either as a terminal or as a nonterminal pyranose resi- 
due. It seems possible that the sucrose molecule and possibly gentianose or 
raffinose form a nucleus to either end of which fructofuranose residues may 
be attached. Glucose was isolated as a crystalline pentaacetate from inulin 
but at that time this was not regarded as significant (232). The biological 
synthesis of the polyfructosans is not yet known but with the growing knowl- 
edge of enzymes (inulases) capable of hydrolyzing fructosans (233, 234) 
there is reason to expect that polyfructosan synthesis will soon be accom- 
plished in vitro. 

The amount of glucose in polyfructosans or glucofructosans may be de- 
termined enzymically (235) or by hydrolysis followed by partition chroma- 
tographic analysis. In the latter method mild hydrolysis is recommended 
since vigorous treatment of fructose in aqueous solution produces small 
amounts of glucose (236). 

When the carbohydrate extracted from the artichoke is treated either 
with invertase or inulase, fructose is first liberated while the glucose appears 
last (237). The isolation of crystalline fructose from the hydrolysate of poly- 
fructosans is not easily accomplished because difructose anhydrides, formed 
by reversion during the hydrolysis, hinder crystallization. In some cases, 
however, it can be done (241). The rhizomes of a number of plants of the 
Campanulaceae family contain large amounts of fructosans during the dor- 
mant winter period. Several may be found in the same plant extract (238). 
They are of relatively small molecular size (239), nonreducing, and the fruc- 
tofuranose residues are joined by 1,2 bonds (240) of the B-type (241). 
Methylation studies leading to the characterization of 1,3,4,6-tetramethyl- 
p-fructofuranose, dimethyl-p-fructose, and 3,4,6-trimethyl-p-fructose have 
led to the postulation of cyclic (242) and branched chain (239) structures for 
these carbohydrates. Methylation studies of fructosans or glucofructosans 
using partition chromatographic analysis provides additional structural de- 
tails. Thus methylated dahlia inulin gives upon hydrolysis: 1,3,4,6-tetra- 
methyl-p-fructofuranose (3.2 per cent), 3,4,6-trimethylfructo-p-furanose 
(90.9 per cent), tetramethyl-p-glucose (2.2 per cent), and trimethyl-p-glucose 
(3.7 per cent). The chain of fructofuranose residues is believed to be termi- 
nated by a glucose residue joined in a sucrose type of combination. The 
partly methylated glucose fraction is believed to arise from glucose residues 
interposed between the two ends of the molecule (243). 

The trimethyl glucose might also arise from a fructosan molecule termi- 
nated by a gentianose or raffinose residue. Similar structural studies have 
been carried out on the fructosan of couch grass (Triticum repens. L.) 
rhizomes (244) and that of rye grass (Lolium perenne) (245). 

The fructosans or glucofructosans evidently represent one end of a “‘spec- 
trum” of a series of fructose-containing oligosaccharides and polysaccharides. 
At the other end are found such products as the disaccharide sucrose and the 
trisaccharides raffinose and gentianose and one extracted from seeds of 
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Nicotiana tabacum which is composed of glucose, fructose, and galactose 
(G —— F —— Ga) (246). Other fructosans may well exist, because the 
reviewers have found by chromatographic analysis that couch grass rhizomes 
contain at least four components in addition to sucrose, raffinose, and the 
main glucofructosan. 

Hemicelluloses—Hemicelluloses composed largely of b-xylose units are 
widely distributed in the plant kingdom being found in roots, stems, leaves, 
and seeds. The early work on esparto grass xylan indicated that only xylose 
units were present in the polysaccharide (253), a view later modified to ac- 
count for the characterization of terminal units of L-arabinose (254). Esparto 
grass xylan purified by precipitation with Fehling’s solution is reported to 
contain only xylose. Its molecule contains about 75 xylopyranose residues 
and upon methylation and hydrolysis it furnishes 2,3,4-tri-, 2,3-di-, and 
2-monomethyl-D-xylose (256). 

Graded hydrolysis of barley straw hemicellulose has afforded a crystalline 
xylan in small yield (1 per cent) (257), while further hydrolysis yields crystal- 
line xylobiose and xylotriose (258). 

Methylation studies on the hemicellulose of wheat straw and of corncobs 
have revealed the presence of terminal residues of L-arabofuranose and of 
p-xylopyranose. Glucose appears to be an integral part of these two poly- 
saccharides and is concerned with the branching of the molecule (255). 

In the xylans discussed above, the principal glycosidic linkage is of the 
1,4 type but a xylan from Rhodymenia palmata was found by methylation 
studies to contain 1,3 linkages as well as 1,4 linkages (259) in the ratio 1:7 
since one xylose residue out of seven was unaffected by periodate oxidation 
(260). 

A study of the xylan of pear cell wall has shown one other structural 
variation to be found in this type of hemicellulose inasmuch as hydrolysis of 
the methylated polysaccharide gave a tetramethyl aldobiuronic acid, 3- 
(2,3,4 trimethyl-p-glucopyruronosyl) 2-methyl-p-xylose, in addition to 2,3,4- 
tri-, 2,3-di-, and 2-methyl-p-xylose, thus showing the presence of terminal 
p-glucuronic acid units (261). This type of modification is also found in the 
hemicellulose, Phormium gum, of New Zealand flax straw (262) and in that 
of Prunus serrutata (263) for both upon hydrolysis yield an aldobionic acid 
composed of p-glucuronic acid and pD-xylose. 

Hemicelluloses containing glucose, xylose, arabinose, and galactose have 
been isolated from cornstalks and shown to have a solubility which decreases 
as the xylose content increases (264). This same relationship between xylose 
content and solubility also applies to the hemicellulose of wheat endosperm 
(265) and is shown by the fact that when crude wheat endosperm hemicellu- 
lose is hydrolyzed a polysaccharide separates from solution when all except 
the xylose residues have been removed. The endosperm xylan has a branched 
chain structure as indicated by the fact that the methylated polysaccharide 
gives upon hydrolysis 2,3,5-trimethyl-L-arabinose, 2,3-di- and 2-mono- 
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methyl-p-xylose (266). Renewed interest is being shown in the fundamental 
properties of hemicelluloses of barley and wheat grain in an attempt to de- 
termine their role in brewing and baking. The crude polysaccharides which 
are probably mixtures have been found to contain L-arabinose, D-xylose, and 
p-glucose, and sometimes D-galactose (267, 268). 

A cell-wall constituent of the Western larch, present in highest concentra- 
tion in the roots, has been shown to be composed of 1 part of arabinose and 
6 parts of galactose (269). This finding illustrates the wide range of poly- 
saccharides to be included in the hemicellulose group. 

Plant gums and mucilages—The sugars produced from peach gum by acid 
hydrolysis, namely, p-galactose (5 parts), L-arabinose (6 parts), D-xylose (2 
parts), L-rhamnose (2 per cent), and D-glucuronic acid (1 part) (270), illus- 
trates the diversity of the monosaccharides and the types of glycosidic bonds 
which go to make up the intricate structure of a plant gum. Peach gum, like 
other plant gums (271), gives upon graded hydrolysis a relatively stable 
aldobiuronic acid, 6-8-p-glucopyruronosyl-p-galactose (270). Why and how 
the plant synthesizes such a complex polysaccharide is still one of the most 
fascinating wonders of nature. 

Similar studies aided by partition chromatography have been applied to 
grapefruit and lemon gums. Both contain L-arabinose, D-galactose, and 
p-glucuronic acid and give the same 4-p-glucopyruronosyl-pD-galactose upon 
controlled hydrolysis. The resistance of the galactose units of these two gums 
to periodate oxidation suggests that they are joined by 1,3 glycosidic bonds 
(272). 

The main structural features of a Sterculia setigera gum have also been 
ascertained. It contains a relatively large amount of L-rhamnose (approxi- 
mately 20 per cent) and, unlike gum arabic in which L-rhamnose is found in 
terminal positions, this gum has its rhamnose residues located in the internal 
parts of the molecule. The Sterculia gum resembles gum tragacanth (271), 
its acidity being due to a relatively large amount of p-galacturonic acid. The 
residues of the latter are evidently the site of three branches in the molecule 
since it is obtained from the methylated gum as a 2-methyl derivative (273). 
Mesquite gum and other plant gums such as gum arabic constitute excellent 
sources of crystalline L-arabinose, and a modification in the preparation of 
the latter from mesquite gum has been recommended (274). A previous 
method (275), being much simpler, still seems to be the best. The uronic 
acid component of mesquite gum has been characterized as 4-methyl-p-glu- 
curonic acid by its reduction to 4-methyl-p-glucose (276). Such partly 
methylated monosaccharides as this and the 3-methyl-p-galactose compo- 
nent of slippery elm mucilage are not common components of plant gums 
and mucilages (277). 

Glucose has seldom been encountered as a constituent of plant gums and 
mucilages, but a mucilage extracted from the roots of Asparagus filicinus has 
been found to contain as much as 38 per cent glucose in addition to fructose, 
mannose and uronic acid (278). 
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Uronides.—A great advance in carbohydrate chemistry has been made in 
recent years by the application of catalytic oxidation, a reaction which offers 
just as many possibilities as catalytic hydrogenation. Its application to 1,2- 
monoacetone-D-glucofuranose provides 1,2-monoacetone-D-glucofururonic 
acid and this on hydrolysis gives p-glucuronic acid (279, 280). Similarly, 
glycosides yield the corresponding glycuronosides, and aldose 1-phosphates 
yield uronic acid 1-phosphates (281). This method of making uronic acid 
phosphates is much simpler than that necessitating the combination of an 
acetohalogen uronic acid derivative with a suitable phosphate (282). 

A simple preparative method for the formation of glycosides using cation 
exchange resins (50) has furnished the a- and the B-methyl-p-glucofururono- 
sides (283). 

Glycuronosides are relatively stable to hydrolysis compared with the cor- 
responding glycosides, and this difficulty is not infrequently encountered in 
structural studies on uronosides. By reducing an unknown glycuronoside to 
the corresponding glycoside, a reaction which is rapidly and easily brought 
about with lithum aluminum hydride, the identification of uronic acid de- 
rivatives is greatly facilitated (261, 276, 284, 285). Application of this reduc- 
tion with lithium aluminum hydride to polyuronides gives neutral polyhexo- 
sans (284, 287). 

Algae polysaccharides.—Order has been appearing in this extremely diffi- 
cult field as a result of the efforts of Percival and his associates. His untimely 
death will slow up the work but others will now have no difficulty in putting 
to good use the many leads provided by his efforts. Methylation studies on 
the glucosan laminarin from Laminaria cloustoni (288) and from Laminaria 
digitata (289) have shown that the component glucose residues are joined by 
1,3 linkages as indicated previously by periodate oxidation. Laminarin, a 
reducing linear polysaccharide composed of about 20 glucopyranose residues, 
gives laminaribiose, 3-8-p-glucopyranosyl-p-glucose (G ; f 3 G) (289). 
The 1,3 linkage is the principal mode of union of the galactopyranose residues 
of carragheenin since the partly degraded polysaccharide gives upon methyl- 
ation and hydrolysis 2,3,4,6-tetra-, 2,4,6-tri-, and 2,6-dimethyl-p-galactose. 
The latter arises from residues to which a sulfate group is attached at Cy. 
Methanolysis of carragheenin has revealed its extreme complexity for it af- 
fords an insoluble residue from which 2,3,4,6-tetra- and 2,4,6-trimethyl 
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derivatives of L-galactose were isolated, as well as derivatives of D-galactose 
and p-xylose. This remarkable mixture of products could only be derived 
from a highly branched structure (290). A similar general structure (X) has 
been assigned to the polysaccharide extracted from Chondrus crispus (290). 
Support for this type of structure is provided by isolation of 4-8-p-galacto- 
pyranosyl-3,6-anhydro-L-galactose (XI) from agar (291). Extraction of the 
seaweed Dumontia incrassata affords a sulfated polysaccharide composed of 
galactose and uronic acid residues which appear to be joined by 1,3 glyco- 
sidic bonds since a large portion of the polysaccharide is resistant to periodate 
oxidation (292). 

Fucoidin, the polysaccharide found in brown seaweeds (Phaeophyceae 
sp.), is no less complicated in structure for it contains fucose (48 per cent), 
galactose (3.5 per cent), xylose (1.3 per cent), uronic acid (2.8 per cent), and 
sulfate (30.4 per cent) (289, 293). The fully methylated fucoidin (OCH;- 16.0 
per cent) gives upon hydrolysis: L-fucose, 3-methyl- and 2,3-dimethyl-L- 
fucose. Fucoidin has a branched structure in which the fucopyranose resi- 
dues with a sulfate group at C, are joined principally by 1,2 bonds (293). In 
connection with the work on fucoidin, 2-methyl- and 3,4-dimethyl-L-fucose 
have been synthesized, excellent use being made of the reductive cleavage 
of p-toluene sulfonyl groups (294). 

Bacterial polysaccharides—The polysaccharide component of an endo- 
toxin from bacteria which produce crown-gall, bean blight, and soft rot has 
been shown to possess wilt-inducing properties (295). The polysaccharide 
produced by crown-gall is a glucosan in which some of the residues are joined 
by 1,2 linkages. With this type of linkage the polysaccharide is fairly stable 
to hydrolysis and affords upon methylation and hydrolysis 3,4,6-trimethyl- 
D-glucose (296). 

Polysaccharides probably of microbiological origin have been obtained 
from a number of soils by extraction with alkali and shown by chromato- 
graphic analysis to contain galactose, glucose, mannose, arabinose, xylose, 
and glucuronic acid. The pentose content varied from one sample to another 
and all of them contained nitrogen and ribose, the latter being probably 
derived from nucleic acid (297). 

Mucopolysaccharides—Since the isolation of heparin by McLean (119) 
many investigations have been carried out to determine its homogeneity, its 
structure and to characterize the nature of the amino-ester group. Electro- 
phoretically-pure heparin is postulated as having structure XII for the 
barium acid salt (120), the sulfated amino group having already been demon- 
strated (121). A compound prepared by the sulfation of the methyl glycoside 
of a polygalacturonic acid methyl ester has been found to have 25 to 50 per 
cent of the blood anticoagulant activity of heparin (122). 

Hyaluronic acid which has been prepared from umbilical chords by modi- 
fied methods (123, 124) continues to present a difficult structural problem 
which is aggravated by the lack of criteria for purity and homogeneity. This 
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was demonstrated during tritylation of sodium hyaluronate, where 78 per 
cent of the hyaluronic acid was recovered containing no trityl groups. Well- 
defined derivatives are still lacking though products from esterification, 
acetylation, and tritylation have been reported (124). It is generally con- 
ceded that hyaluronic acid consists of N-acetylglucosamino and glucuronic 
acid residues. Glycosidic linkages of a B-configuration were indicated by the 
negatively rotating oligosaccharides produced by the action of testicular 
and pneumococcal hyaluronidases (125). The glucosamine: uronic acid mole 
ratios of the enzymatic degradation products also indicated alternating units 
of N-acetyl glucosamine and glucuronic acid in hyaluronic acid. However, a 
branched structure consisting of a main chain of N-acetyl glucosamine units 
has also been suggested (126) which is based upon methylation but in these 
studies the only methanolysis fragment identified was a methyl-dimethyl 
glucopyruronoside methyl ester. A structure has been postulated in which 
the components are linked through positions 1 and 3 (127). However, the 
choice between 1,3 and 1,4 linkages was based on the fact that no ammonia 
was evolved from the periodate oxidation of a partially deacetylated sodium 
hyaluronate. This deduction would appear to apply only to those glucosa- 
mine residues in which the —N HAc group has been saponified. Another struc- 
ture containing alternating 1,4 and 1,3 linkages (128) is based upon a pro- 
cedure (129) which is misleading when applied to chondroitinsulfuric acid 
(130). It is clear therefore that much more work must be carried out before 
the difficult problem of the structure of hyaluronic acid is solved. 

A new mucopolysaccharide, similar to the blood group substances, has 
been isolated from cervical mucus. It contains galactose, a methylpentose 
and a hexosamine (131). 


ENZYMIC STUDIES 


A note of warning against the use of enzymes without rigorous chemical 
control is provided by the observation that an extract of an Aspergillus niger 
culture reacts with maltose to give a nonfermentable trisaccharide (‘‘panose’’) 
(175, 178). Coming from starch this could have been taken as a true deg- 
radation product, as well it might, rather than one of reversion. Panose has 
been shown to be 4 a-isomaltopyranosyl-D-glucose 
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by the application of simple chemical transformations and the skillful use of 
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partition chromatography (177) and also by reduction to “‘panitol”’ followed 
by hydrolysis and characterization of isomaltose, maltitol, and sorbitol in 
the classical manner (178). 

Glucosidases and phosphorylases.— Knowledge of the biological degrada- 
tion and synthesis of amylose and amylopectin has outstripped the struc- 
tural knowledge provided by the fundamental chemical studies to such an 
extent that a complete proof of what is happening during these enzymic 
reactions is still lacking. This is perhaps an unfortunate state of affairs but 
many interesting structural problems have thus been posed. 

The P-enzyme, capable of degrading amylose completely and amylopec- 
tin partly to glucose 1-phosphate in the presence of inorganic phosphate, 
previously isolated from peas (185) and rabbit muscle (186) and later from 
potatoes (187), has also been obtained from beans (188). In spite of synthetic 
methods for preparing glucose-1-phosphate (189) the biological method is 
still the most practical. Synthesis of an amylose-like polysaccharide is ac- 
complished by the action of the P-enzyme on pD-glucose-1-phosphate, a 
reaction promoted by primers composed of three or more glucose residues 
joined by 1,4 a-glycosidic bonds (190, 191). These primers appear to act as 
templates on which the enzyme assumes an active state. When the amylose 
has been synthesized the Q- or branching enzyme can take over and convert 
the amylose into amylopectin (192) or into glycogen (193). The Q-enzyme is 
not easy to purify but recently a preparation from Polytomella coeca has been 
obtained free from amylase and this converts amylose into amylopectin with- 
out any side reactions. The action of this enzyme is promoted by the same 
substances with 1,4 a-glycosidic bonds as those which act as primers in the 
synthetic action of the P-enzyme (195). Criticism was advanced against the 
very existence of the Q-enzyme, which, it was suggested, was a fatty acid 
(194). This view, which is extremely difficult to reconcile with the experi- 
mental details of the original work (196), has now been disproved by showing 
that the synthetic amylopectin does not contain any fatty acid (198). Some 
confusion was also introduced by the postulation (197) that another branch- 
ing factor (isophosphorylase) requiring inorganic phosphate was present in 
potatoes but this has been refuted by two independent groups of workers 
(198, 199). The P- and Q-enzymes acting together in the presence of glucose 
1-phosphate produce a starch-like polysaccharide with properties which de- 
pend on the proportion of the two enzymes (200). The Q-enzyme apparently 
possesses only the synthetic activity of introducing 1,6 a-glycosidic bonds 
into the starch molecule. A different enzyme is required for the cleavage of 
these 1,6 linkages. This debranching agent, called the R-enzyme, has been 
isolated from potatoes and beans (201). A closely related if not an identical 
debranching enzyme has been isolated from rabbit muscle. Designated amy- 
lo-1,6-glucosidase it is capable of splitting off a single glucose residue at- 
tached to the main starch or glycogen chains by a 1,6 a-glycosidic bond. The 
amount of glucose liberated thus enables the chain length of amylopectin 
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and glycogen to be deduced (179). Such values are 20 per cent lower than 
those obtained by the methylation and periodate methods. The reason for 
the discrepancy between the chemical and biological methods is not yet clear 
but it is reasonable to believe that there may be some as yet undiscovered 
structural feature of these highly branched polysaccharides. Evidence point- 
ing to a link other than the 1,6 or the 1,4 types in glycogen and amylopectin 
is to be found in the formation of a dimethyl glucose other than the 2,3- 
dimethyl! derivative when methylated starch (182) and methylated glycogen 
(181, 255) are hydrolyzed. It is also of interest to note that extracts of oats, 
barley, potato, and hyacinth bulbs contain an enzyme which is capable of 
splitting polysaccharides, e.g., ‘‘laminarin’’ (from Laminaria cloustoni and 
L. digitata) which are composed of glucose residues joined by 1,3 links (180). 

Amylases.—A crystalline a-amylase from Aspergillus oryzae has been 
added to those from malt (206), human pancreas (204), pig pancreas (205), 
human saliva (207) already crystallized. Its crystallization does not appear to 
be difficult (202). Electrophoretic experiments and other physical studies 
have shown that, as with the catalases, it is the species and not the organ 
which determines the nature of the animal amylase (203). 

The action of malt a-amylase on starch is not as clear cut as was formerly 
thought, for even under the most favorable conditions so far devised for the 
enzymic attack, namely a homogeneous solution, 10 reducing substances 
have been identified in the reaction product. Side reactions caused by B- 
amylase were avoided by carrying out the reaction at 70°C. (208). This 
study should be repeated with the crystalline enzyme. 

When potato starch is treated with a-amylase it gives a phosphohexaose 
and a phosphotetraose. Neither contain 1,6 linkages and both act as primers 
for the synthesis of starch by potato phosphorylase (209). 

An amylase has been isolated from Rhizopus delemar which behaves like 
a B-amylase (210), and malt B-amylase has been crystallized (211). B-Amy- 
lase apparently attacks the amylopectin component of starch 20 times faster 
than the amylose (213) where a multi-chain attack is proposed (212). 

Yeast and invertase —A cell-wall glucosan (247) has been added to the 
list of carbohydrates in yeast (248). Isolated by reason of its insolubility in 
alkali, this glucosan has a branched structure with a repeating unit of nine 
glucose residues. The methylated glucosan gives upon hydrolysis 2,3,4,6- 
tetra- (1 mole), 2,4,6-tri- (7 moles), and 4,6-dimethyl-p-glucose (1 mole) 
(247). 

A purification of yeast invertase has been described using plasmolysis, 
autolysis, and treatment with picric acid and bentonite (249). The light ab- 
sorption, electrophoretic behavior, and stability to pH were examined (250). 
Though highly active, the purified enzyme still contained 70 per cent of a 
polysaccharide. Although this polysaccharide is said to be composed of man- 
nose units joined only by 1,3 bonds it is almost certain that it corresponds 
to the yeast mannan examined much more extensively some years ago and 
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shown to contain 1,4 as well as 1,3 linkages (251). Invertase is extremely 
difficult to free from mannan and protein impurity, and it appears that its 
stability depends on the presence of these compounds. 

When invertase acts on sucrose it gives, in addition to glucose and fruc- 
tose, three nonreducing oligosaccharides (250) one of which may be a trisac- 
charide containing two residues of fructose and one of glucose (252). 
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CHEMISTRY OF LIPIDS! 


By Harry J. DEVEL, JR., AND ROSLYN ALFIN-SLATER? 


Department of Biochemistry and Nutrition, University of Southern 
California, Los Angeles, California 


Among the more outstanding achievements in lipid chemistry during the 
past year, one should certainly include the development of methods for the 
synthesis of a number of the various phospholipids. Considerable new in- 
formation has been obtained by the preparation of such phospholipids in the 
fotm of the optically active isomers. The structural relationships of the hy- 
droxyl groups in sphingosine have finally been clarified, after a number of 
years. Methods for the separation of the fatty acids by chromatography, 
countercurrent distribution, and similar physical procedures have been ex- 
tended. Finally, a new fatty acid, known as a-lipoic acid, has recently been 
separated; it is suggested that it may be a new member of the vitamin B 
family. 

The two-volume monograph by Markley (1) on Soybeans and Soybean 
Products includes a number of chapters dealing with various aspects of fat 
chemistry but devoting special attention to soybean oil. Other monographs 
recently issued include the third edition of Industrial Chemistry of Fats and 
Waxes by Hilditch (2), Melting and Solidification of Fats by Bailey (3), and 
the first of two volumes on The Lipids, Volume I: Chemistry by Deuel (4). 
The last monograph is unique in that a discussion of all the substances in the 
classification of lipids is included. Piskur (5) has again compiled his compre- 
hensive and useful yearly review of the literature on fats, oils, and soaps. 


FATTY ACIDS 
STRAIGHT-CHAIN Fatty ACIDS 


Reed and co-workers (6) first prepared a relatively pure crystalline com- 
pound from processed insoluble liver residues which was highly active in 
stimulating the growth of Streptococcus lactis in the absence of acetate, as well 
as activating the apopyruvate dehydrogenase of S. faecalis. It was named 
“a-lipoic acid” because it is found to be highly soluble in fat solvents, be- 
cause it is acidic, and also because it is involved in the formation of acetate. 
The authors describe it as a vitamin-like catalytic agent associated with 
pyruvic dehydrogenase. In a more recent communication (7), a-lipoic acid 
was reported to be a saturated monoatomic alcohol, melting at 47.5 to 48.5° 
C., having an equivalent weight of 220, and giving a positive test for sulfur 
(probably as S=S), but negative for nitrogen. 


1 Paper No. 309 of the Department of Biochemistry and Nutrition, University of 
Southern California. 

2 The period reviewed covers the interval from October, 1950, to December, 1951. 

* The authors wish to acknowledge the assistance of Mrs. Margaret Ritter in edit- 
ing the manuscript. 
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Syntheses —Methods have recently been developed for the synthesis of 
a number of octadecenoic acids. These include the preparation of the cis 
and trans isomers of 2-octadecenoic acid by Myers (8), as well as of 7- through 
12- and 17-n-octadecenoic acids by Huber (9). Both geometric isomers were 
synthesized of all except 17-octadecenoic acid, which cannot undergo a cis— 
trans rearrangement. Gensler et al. (10) have described the synthesis of oleic, 
elaidic, 9-vinyl palmitic, and vaccenic acids. When triolein was partially hy- 
drogenated under conditions which give rise to a relatively large amount of 
“iso-oleic” acids, trans-8-octadecenoic acid, and also elaidic acid, were iso- 
lated (11). When trans-8-octadecenoic acid was subjected to a partial oxida- 
tion, a new acid, 8,9-dihydroxystearic acid, melting at 128°C., was obtained 
(11) 

Several syntheses have been reported during the past year for linoleic 
acid. Gensler & Thomas (12) have coupled propargyl bromide with acety- 
lenic Grignard reagents, followed by isomerization of the 1,4-diyne system 
and the hydrogenation of the octadecadiyn-9,12-oic acid in their synthesis of 
this octadecadienoic acid, while Walborsky et al. (13) reported a total syn- 
thesis of linoleic acid in a six-step process starting with 1,9 decadiyne. Their 
work supports the hypothesis that linoleic acid has a cis, cis configuration. 
One procedure which has rendered possible the production of an improved 
quality of saturated and unsaturated acids has been the development of the 
urea adduct method by Schlenk & Holman (14). These urea complexes are 
not subject to auto-oxidation. Stearic, myristic, and other acids have been 
synthesized by electrolysis in absolute or in 50 per cent methyl alcohol (15). 
The procedure is referred to as anodic synthesis. 

Properties.—Solidification point curves have been reported for binary 
acid mixtures from heneicosanoic to pentacosanoic acids (16). Paquot & 
Durrenberger (17) investigated the freezing points of ternary mixtures of 
palmitic, stearic and oleic acids. The composition of all three components of 
the mixture can be calculated when the value of two components is known. 
The freezing points of mixtures of stearic, oleic, and linoleic acid were also 
studied (18). When the stearic acid content is small, the accuracy of the 
ternary diagram is low. 

Lutton and his collaborators (19) have investigated the melting points 
and x-ray diffraction patterns of a series of dihydroxystearic acids, starting 
with the 6,7-acid and continuing through the 12,13-isomer. A series of low- 
melting isomers and a high-melting isomer were obtained from the cis and 
trans octadecenoic acids, respectively, by performic acid oxidation; both 
series exhibited an alternation in properties. The acids fell into four sub- 
groups. These were even, 6,7-; 8,9-; etc., and odd, 7,8-; 9,10-; etc., subgroups 
of each of the low-melting and high-melting series. Within each subgroup, 
the individual members could not be satisfactorily distinguished by melting 
points or by interplanar spacings; they could be differentiated, however, by 
their long spacings. Nevin et al. (20) have reported some new data on the 
surface tension of methyl esters of some of the saturated acids, while Hayes 
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& Dean (21) have presented a thermodynamic computation of the amount 
of vapor (hexane) adsorbed on a long-chain monolayer (stearic acid). A re- 
port of the various physical properties of a series of unusual mixed esters has 
recently been published (22). These include such compounds as 2-butoxy- 
ethyl lactate pelargonate, ethyl lactyllactate laurate and butyl lactyllactate 
laurate. O’Connor and co-workers (23) have recently reported the infrared 
spectra of the saturated fatty acids with an even number of carbons from 
C, to Cis, as well as of their methy! and ethyl esters. 

It has long been known that ‘‘iso-oleic acids” originate on the hydrogena- 
tion of vegetable oils containing linoleic acid or oleic acid itself. Under the 
conditions of hydrogenation, the double bond becomes labile, and a certain 
amount of shifting can take place. The same phenomenon obtains for linoleic 
acid, where “‘isolinoleic acid” is also formed during the hydrogenation of 
polyunsaturated acids. Rebello & Daubert (24) recently investigated the 
nature of the isolinoleic acids formed when methyl linolenate was hydro- 
genated at room temperature and at atmospheric pressure, using platinum 
black as a catalyst. A total of 41.2 per cent of the hydrogenated ester was 
found to be methyl isolinoleate. Since the original methy] linolenate had the 
double bonds at positions 9:10, 12:13, and 15:16, the only possible dienoic 
acids which could be formed on hydrogenation, if the position of the double 
bonds remained stationary, would be 9:10, 12:13 (ordinary linoleate) ; 9:10, 
15:16 (isolinoleate), and 12:13, 15:16 (isolinoleate). However, in a later 
paper, Rebello & Daubert (25) were able to demonstrate only one of the 
latter two isolinoleic acids, namely 9:10, 15:16, although two other isolino- 
leic acids were found in which there had been a shift in the double bonds. 
These were 8:9, 14:15-octadecadienoic acid and 10:11, 14:15-octadeca- 
dienoic acid. 

Fatty acid separations —Newer methods for the separation of fatty acids 
are constantly being developed and are to a great extent replacing the tech- 
nique of fractional distillation of the methyl esters. The low-temperature 
crystallization method introduced by Brown (26) over 10 years ago was em- 
ployed successfully by Rebello & Daubert (24, 25) for separating methyl 
isolinoleates, methyl linoleate and methy] oleate. 

The application of the countercurrent distribution method has been ex- 
tended from separation of C; to C; acids (27) to include acids with a chain 
length of 18 carbons (28). For the acids from Cs; to Cs, isopropyl! ether and 
1 M potassium phosphate at pH 7.7 were used; n-heptane with 0.5 M po- 
tassium phosphate at pH 7.7 served as the mobile phase for acids from Cs to 
Cy. The Cys, Cig and Cys acids were separated in iso-octane (2,2,4-trimethyl- 
pentane) and a mixture of methanol and formamide. Fugger and his col- 
leagues have used the Craig procedure with aqueous ethanol and hexane for 
separating the oxidation products of methyl oleate (29) and of methyl lino- 
leate (30). 

Paper chromatography has found application for the separation and 
identification of the fatty acids. Brown (31), Brown & Hall (32), and Hiscox 
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& Berridge (33) have recently described a procedure whereby the lower and 
intermediate fatty acids may be separated. The acids are supplied as salts of 
a volatile base such as ammonia or ethylamine, with butanol serving as the 
mobile solvent. The positions of the acids are revealed by means of acid-base 
indicators. Brown (31) effected a complete separation of m and iso C, and C; 
acids in 60 hr. and a partial separation of the C, acids. Quantities as small 
as 5 wg. could be detected on the chromatograms. Reid & Lederer (34) were 
able to separate the m acids from acetic to heptoic by a somewhat similar 
procedure and to determine them with an accuracy of +2 to 5 per cent. 
However, octanoic acid could be determined only in the absence of the C; 
and Cy acids. Liberman, Zaffaroni & Stotz (35) suggested a new procedure 
which enables one to separate the higher saturated fatty acids from a mix- 
ture. The salient features of this method involve the use of a paper previ- 
ously impregnated with paraffin as the stationary phase, the employment of 
pentanol, hexanol, or octyl alcohol as the organic phase, and finally the sub- 
stitution of methylamine or the strongly basic diethylamine as the volatile 
base. The lower and intermediate acids have much smaller Rr values and 
improved resolution, compared with the previous methods. The higher acids, 
such as palmitic and stearic, exhibit concise spots with little or not tailing. 
In mixtures, the lower fatty acids readily separate from the higher ones, but 
the higher ones have a tendency to run together, and therefore their de- 
velopment is less satisfactory. Kaufmann & Budwig have used paper chro- 
matography for determining oleic acid, with the added assistance of radi- 
ometry. In one procedure (36), the oleic acid solution is deposited on the 
paper; NH; fumes are used. The paper is treated with Co Cl, (1 per cent) 
in a 2.5 per cent cupric acetate solution, is washed, dried, and the radiation 
of the spot containing the cobalt oleate is determined with a Geiger counter. 
In their second method (37), the authors used a Hanus solution containing 
radioiodine. 

The method of displacement analysis has found wider application for the 
separation of fatty acids. Displacement separation is a special type of chro- 
matography in which the column is developed by a solution of a substance 
which is adsorbed more strongly than the components of a sample already 
present on the column. In an extension of earlier work, Holman (38) used 
the methyl esters of the fatty acids for displacement; when a dilute solution 
of the esters was employed as a solvent, lauric, myristic, palmitic and stearic 
acid could be separated in 5 to 15 mg. quantities, with recoveries approach- 
ing 100 per cent. Other substances such as the corresponding alkyl iodides, 
bromides, chlorides, and mercaptans were also found to be effective dis- 
placers for fatty acids and their esters; some of these offer the distinct ad- 
vantage of a greater solubility than the corresponding acids, and an ability 
to displace acids of considerably longer length. When these displacing agents 
were used, it was found possible to extend the range of displacement separa- 
tion of the fatty acids in ethanol beyond the limit of Cis or Co set by the di- 
minishing solubility of the saturated acids (39). More recently, Holman & 
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Williams (40) have applied displacement chromatography to the separation 
of unsaturated from saturated acids, using charcoal as an adsorbent and 
aqueous alcohol as the solvent. Separation of saturated and unsaturated 
acids of the same chain length from each other has been effected from C, to 
Cis. Nonconjugated unsaturation was shown to decrease adsorption, while 
carboxyl-conjugation increased it. Conjugated octadecadienoic acid (not 
carboxyl-conjugated) is adsorbed less strongly than is stearic acid, while 
conjugated octadecatrienoic acid is more strongly adsorbed. Carrier separa- 
tion of unsaturated fatty acids with methyl esters of saturated acids has also 
been used (41). 

Since urea and thiourea form addition compounds with saturated and 
unsaturated fatty acids and with their monovalent aliphatic esters, but not 
with triglycerides or oxidized fatty acids, Martinez Moreno et al. (42) have 
described separation of: (a) fatty acids from triglycerides, (b) oxidized from 
nonoxidized acids, (c) chaulmoogric acid from noncyclic acids, and (d) fatty 
acids from resin acids. 

An extremely delicate method for the separation and determination of 
fatty acids from Cx to Cis in amounts as small as 5ug. has been described by 
Mai (43). He separated the acids on a nylon thread by the use of appropriate 
solvents. 


BRANCHED-CHAIN Fatty AcIDs 


Considerable interest has recently been evinced in the branched-chain 
fatty acids, stimulated perhaps by the possible biological importance of some 
of the members of this group. The synthesis of a series of 2,3-branched 
homologues of nonanoic acid by a malonic acid ester reaction first with 1- 
methyl heptyl bromide and then with an appropriate desired alkyl halide 
has been reported (44). The boiling points of these acids and the melting 
points of their p-dimethylaminopheny] ureides are given. 

In connection with the possible antibacterial action of fatty acids, Asano, 
Motomatsu & Tamemasa have synthesized fatty acids with a phenyl group 
in the @ and 8 position, by using phenyl-substituted malonic esters (45). 
Asano & Yamakawa (46) prepared a series of symmetrical branched-chain 
acids. These acids, containing a total of 16 to 17 carbon atoms, exhibit anti- 
bacterial potency toward Staphylococcus aureus, regardless of the position of 
the side chain. Melting points and boiling points are presented for both 
series of acids. In the latter group, the melting points of the acids decrease as 
the distance of the side chain from the carboxyl group increases. Miura (47) 
has correlated the antibacterial action of 64 fatty acids with their structure. 
It was found that, with straight-chain acids, the activity varied with the 
number of carbons, the maximum activity being found between Cs and Cy. 
In the case of branched-chain acids, the maximum effect was found with the 
Cy acid whenever the methyl, ethyl, or phenyl group was attached to 
the a, B, y, or € positions. The ethyl group yielded the best results. 

With the assignment of the structure of 10-methyl stearic acid to dl- 
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tuberculostearic acid, isolated from the tubercle bacillus, new methods of 
synthesis have been proposed. Asano, Kameda & Ohta (48) were able to syn- 
thesize 10-methyl] stearic acid from ethyl enanthyl acetate and ethyl-10- 
bromohendecanoate, but in very poor yield. An improved yield was obtained 
by Kolbe’s electrolysis procedure, using a mixture of the potassium salt of 
methyl octylacetic acid and the ethyl hydrogen ester of sebacic acid (49). 
The dl-tuberculostearic acid obtained had values for the boiling point of the 
acid and melting point of the amide derivative which were slightly higher 
than those reported by Spielman (50). An anodic synthesis of tuberculo- 
stearic acid was described by Linstead, Lunt & Weedon (51). 3-Methyl hen- 
decanoic acid, prepared by the electrolysis of monomethy] esters of methyl 
succinic acid and C;H;CO.H, was electrolyzed with the methyl ester of 
azelaic acid at 0.8-1.1 amperes. A yield of 31 to 38 per cent 10-methyl octa- 
decanoic acid was obtained. 

Electrolytic synthesis, employing Pt electrodes, was also used to prepare 
the optical antipodes and the di form of 11-methyl nonadecanoic acid from 
d(+)-3-methyl hendecanoic acid and the monomethy] ester of sebacic acid 
(52). Shirley & Schmidt (53) prepared several derivatives of 10-methyl dec- 
anoic acid by introducing the acid fragment into several biologically active 
amines such as p-aminosalicylic acid and 4,4-diaminodipheny] sulfone. 

The structure of phthioic acid, another branched-chain acid isolated from 
the tubercle bacillus, is still in doubt. It was first suggested that this acid, 
which has an empirical formula of C2sH;2O2, was ethyl decyldodecylacetic 
acid (54). Later workers (55) suggested the formula 3,13,19-trimethyl tri- 
cosanoic acid, on the basis of its high rotation and its identity with the syn- 
thetic product. Moroe (56) has recently reported a new synthesis of this 
3,13,19-trimethyl tricosanoic acid, starting with 2,12-tridecanedione and 
the ethyl ester of iodoacetic acid. The final step involves the Kolbe electroly- 
sis of a mixture of the monoethyl ether of diethyl-2,12-dimethyl-1,13-tri- 
decanedicarboxylic acid and 6-methyl decanoic acid to yield 3,13,19-tri- 
methyl tricosanoic acid. Asano, Kameda & Wada (57) prepared ethyl triiso- 
amylacetate and diethyl tetraisoamylsuccinate, and found that these com- 
pounds could not be saponified by boiling with 5 per cent alcoholic KOH, but 
only by saturated HBr under high pressures. Since phthioic acid ester is 
easily hydrolyzed, the assumption that phthioic acid is a trialkylacetic acid 
is difficult to accept. 

Cason & Coad (58) do not accept the Robinson structure (3,13,19-tri- 
methyl tricosanoic acid) for phthioic acid, on the grounds that the optical 
rotation resulting from a methyl-substituted carbon would fall off rapidly as 
the methyl becomes more remote from the ends of the chain. This assumption 
has been justified by the synthesis of (+)- and (—)-15-methyl decanoic 
acids, which proved to have a molecular rotation of only 3.2°, less than one- 
third of that for the anteiso (8-butyl end group) isomer. The proposed struc- 
ture could have a maximum optical rotation no more than half of that ob- 
served for phthioic acid. 
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A new approach to the synthesis of branched-chain acids has been re- 
ported by Leese & Raphael (59). The branching methyl group is introduced 
by means of a methy!] ketone reactant at the stage in which the complete 
carbon skeleton is formed, thus obviating the necessity of prepaiing a 
branched-chain intermediate. A branching group of any size may be intro- 
duced by employing the requisite ketone. 

A new branched chain acid has been isolated from the lipids of tubercle 
bacilli by Polgar & Robinson (60), and has been assigned the name “‘mycoli- 
penic acid.” It has the following formula: 


CH;(CH:):7- CH: CH- CH =¢ -COOH 
CH; CH; CH; 


Other acids of the phthioic acid type of 12 components from C.3 to Ca 
have been isolated from the tubercle bacilli by Cason and co-workers (61, 
62). One acid isolated in pure condition, a C27 acid called phthienoic acid, has 
been assigned the formula:* 


C.H9(CH2) 5 - CH—CH;CH=C—COOH 
CH; CH; CH; 


On hydrogenation, the saturated C2;-phthianoic acid is formed. A Coo- 
phthianoic acid has also been isolated; this acid is levorotatory, has an a- 
methyl group, and the same infrared pattern as the C27 acid. Hansen & 
Shorland (63) isolated two Ci; methyl-branched fatty acids from butterfat. 
One appears to be the iso-acid and has a melting point of 54.4°C. while the 
other is considered to be the anteiso acid with a melting point of 39.8°C. 
Crombie & Harper (64) subjected the polymixins, which are a series of re- 
lated antibiotics from Bacillus polymyxa, to hydrolytic degradation, and ob- 
tained a dextrorotatory nitrogen-free acid with the empirical formula 
CyHis02, as well as amino acids. By oxidative degradation, this fatty acid 
has been identified as 6-methyl octanoic acid, and has been found to be iden- 
tical with the synthesized product. 

The change in properties of simple methylated fatty acids associated 
with changes in the position of the branching methyl group was studied by 
Weitzel & Wojahn (65, 66). Fourteen racemic monomethy! palmitic acids, 
and the 16 possible monomethyl stearic acids, were synthesized, and the 
melting point curves of each series were discussed. In the process of prepar- 
ing 7-methylpalmitic acid, it was discovered that furan ring splitting can be 
used to lengthen the branched-chain fatty acids by five CH: groups. It was 


4 In a recent communication from Professor Cason, he has stated that the methyl 
group located in the present formula on C; should probably be on Cy. This statement 
is based on the small molecular rotation (—3°) observed for L-(—)-5-CH;-2-tri- 
decenoic acid which compares with a molecular rotation of 73° for the Ce7-phthienoic 
acid. These data are to be presented at the American Chemical Society meeting in 
Buffalo, New York, on March 25, 1952. 
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found that the melting point curves of the monomethyl] palmitic acids and 
also of the synthesized methyl myristic acids have an irregular oscillation. 
The position of the methyl] substitution in the fatty acid chain has a regular 
effect on the melting point, which is evidenced by all known methyl- 
branched higher fatty acids. 

Alterations in physicochemical properties caused by changes in the ter- 
minal groups of fatty acids may become significant as far as chemical be- 
havior and technical applications are concerned. With this is mind, Sobotka & 
Stynler (67) have synthesized fatty acids with 16, 18, 20, 22, and 24 C atoms 
with two or three terminal methyl groups, called ‘‘neo”’ fatty acids. The 
methods of synthesis and a description of some of the properties of these 
acids are included in the paper. 

Properties.—To aid in the determination of structure, configuration, and 
orientation of branched fatty acids, a series of homologous d/-a-alkyl stearic 
acids, ranging from a-methyl through a-dodecyl, were prepared by Weitzel 
& Wojahn (68). They then measured the force-area isotherms of these 12 a- 
alkyl stearic acids by spreading them over water. They found that the sur- 
face area occupied by the molecule (in A*) increased with the length of the 
side chain up to eight carbon atoms; after this point, increasing the length 
of the side chain had no effect on the area (69). Weitzel and co-workers (70, 
71) also determined force-area isotherms for all possible d/-monomethy] pal- 
mitic acids and all monomethy] stearic acids spread over water. It was found 
that the area occupied by a single molecule of branched-chain acid is greater 
than the area occupied by a single molecule of the straight-chain acid. 
Within the series, it was noted that the surface area oscillates, depending on 
the distance of the branched methyl group from the carboxyl group. Sub- 
stitution on the middle C atom yields a molecule with the greatest surface 
area whereas, on end substitution, the ‘‘iso-acid” yields a molecule with the 
lowest surface area. Surface area is smaller when the methyl group is in the 
3,5,7 position than when it is in the 2,4, or 6 position. The results indicate 
that the axis of rotation of the molecule is oriented through the odd-num- 
bered C atoms of the chain. 

The reaction kinetics of the esterification of branched-chain fatty acids 
through hydrogen ion catalysis was studied by Schulte and co-workers (72, 
73). It was discovered that alkyl substitution in the a- or B-position, inde- 
pendent of the length of the principal chain, caused a decrease in the reaction 
velocity constant of the esterification reaction, compared with the straight- 
chain monocarboxylic acids, whereas a methyl or ethyl group on carbon 4 or 
on a carbon atom further removed from the carboxyl group exerted no in- 
fluence. In the a-position, the substitution of an ethyl for the methyl group 
increased the k-value but further elongation of the side chain was without 
effect. A methyl group in the 8-position exerted a greater influence on the k- 
value than a similar group in the a-position, whereas an ethyl group in the 
B-position caused a smaller decrease in reaction velocity than a similar group 
in the a-position. Therefore the measurement of & indicates the position and 
length of the branching chain. 
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Substituent alkyl groups were also found to exert an effect on the ultra- 
violet absorption of carboxyl groups, even when they were as far removed as 
the 6 position. It was suggested by Cason & Sumrell (74) that the fatty acid 
probably exists partially as a ‘‘quasi’’ ring. Branching in the a or 8 position 
increases the amount in the ‘‘quasi”’ ring. Cason and co-workers (75) also re- 
ported that the methyl esters of branched-chain acids-have lower boiling 
points than do those of the normal isomer. Methyl branching decreased the 
boiling point by 5°, hexyl by 7°, and a quaternary carbon by 22°. A quater- 
nary carbon also had a marked effect on the refractive index of the acid. 


TRIGLYCERIDES 


Composition.—The triglyceride composition of some fats has been re- 
ported during the year. Okra seed oil (76) was found to contain saturated 
oleolinolein, 40 per cent; triunsaturated fats (mainly oleodilinolein), 25 per 
cent; saturated dilinoleins, 10 per cent ; and a disaturated monoolein or 
monolinolein, 23 per cent. Indian sesame oil (77) was found to have mainly 
triunsaturated triglycerides; it contained 40 per cent of oleodilinolein, 15 per 
cent of dioleolinolein, and 37 per cent of an oleolinolein containing a satu- 
rated acid. Riley (78) has been able to characterize the glycerides present in 
the seed fat of the Parinarium laurinum by the use of low-temperature crys- 
tallization. The triglycerides isolated were triparinarin, 22 per cent; elaeo- 
stearodiparinarin, 27 per cent; oleoelaestearoparinarin, 16 per cent; a 
saturated elaeostearoparinarin, 15 per cent; and dielaeostearoparinarin, 7 per 
cent. Hilditch & Patel (79) have examined the fat from the seeds of the West 
African plants Pentaclethra (leguminosae) and Lophira (ochnaceae); they 
were found to contain the saturated acids, behenic and lignoceric, and the 
unsaturated acids, oleic and linoleic, which were distributed according to 
“even distribution.” Another seed oil recently investigated is obtained from 
the fruit of Sebastiana lingustrina (80); this is of particular interest since it 
contains the unusual unsaturated acid, 2,4-dodecadienoic acid. Gupta & 
Hilditch (81) have reported the following analysis of horse mesenteric fat: 
oleic acid, 34 per cent; palmitic acid, 26 per cent; linolenic acid, 16 per cent; 
and 5 per cent each of myristic, stearic, hexadecenoic, and linoleic acids. The 
presence of linolenic acid confirms the report on the composition of fat from 
New Zealand horses (82); however, it does not agree with the results of 
Holmberg & Rosenquist (83), who found a larger proportion of linoleic acid. 
It is believed that these differences may be explained on the basis of varia- 
tions in the diet of the horses. Palmito-oleolinolein was isolated in an amount 
of 30 per cent. Clément & Meara (84) have investigated the perinephric and 
interscapular fat of the rabbit; the perinephric fat was the more unsaturated. 

In addition to a re-examination of the composition of olive oil (85), an 
analysis has been recorded of the seed fat of Macadamia ternifolia (South 
Queensland) (86) and of fat from the fruit of Otnocarpus pataua (Amazon 
palm) (87); the oils from both of the latter resemble olive oil. The composi- 
tion of the seed fat of Emblica officinalis Gaertn. (88) has also been recorded 
as well as that of Philippine singkamas oil from the seeds of Pachyrrhisus 
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erosus L. (89). Gupta, Hilditch & Riley (90), in a report on the composition 
of 19 samples of castor oil obtained from beans from different parts of Africa, 
have found triricinolein in amounts of 73 to 85 per cent, while the remaining 
glycerides consisted of two ricinoleic acids and one other acyl group. 

Physical properties —Lutton (91) has recently reported a comprehensive 
study of polymorphism of disaturated triglycerides which included the un- 
symmetrical diacid compounds, 1-oleodistearin (OSS) and 1-oleodipalmitin, 
(OPP), and triacid glycerides, 2-oleopalmitostearin (POS), 2-palmito-oleo- 
stearin (OPS), and 2-stearo-oleopalmitin (OSP). All 1-oleyl compounds give 
B’-3 stable forms from solvent, while OSS and OPP also give 8’-3 stable 
forms from the melt; OSP yields a §’-2 form. All 2-oleyl triglycerides also 
have §’-3 as stable forms from solvent and melt. OSS, OPP, and SOS exhibit 
a-3 forms, OPS, POS, and POP show a-2 forms, and OSP gives a sub-a-2 
variety. All the glycerides (except OPP, which was not tested below 0°C.) 
give sub-a-2 forms when their melts are chilled to low temperatures. The 
highly individualistic behavior should serve as a basis for identification of 
the predominant disaturated compounds of many fats. 

Howe & Malkin (92) have studied the types of crystalsin the 1,2-diglyc. 
erides containing Cys, Cis, Cis, and Cis acids. Both a and 8 forms were found, 
but the change, a— B, is much slower than that reported for 1,3 diglycerides 
(93). The polymorphic forms of 1-monostearin have recently been investi- 
gated to determine their expansibilities over the temperature range from 
solid to liquid state (94). In harmony with the earlier results of Lutton & 
Jackson (95), four forms were obtained, viz., sub-a(a,) ; a,8’; and 8. From the 
values of expansibility, density, and melting dilation, the specific volume of 
any of the polymorphic forms of monostearin at any temperature from the 
solid to the liquid state can be calculated. The melting dilations of tristearin, 
stearic acid, and monostearin were found to be proportional to the stearic 
acid content; it was then possible to calculate a melting dilation value for 
distearin. Quimby (96) has reported that only three polymorphs exist with 
a simple triglyceride, tristearin, which is in harmony with the earlier finding 
of Lutton (97). 

Crowe & Smyth (98) have recently determined the dielectric properties 
of 1,3-dipalmitin, 1,3-distearin, tripalmitin, tristearin, and tetradecylpalmi- 
tate. No appreciable amount of dipole orientation was found in the case of 
the diglycerides, while the a-forms of tripalmitin and tristearin showed dipole 
orientational freedom down to relatively low temperatures. Tetradecylpal- 
mitate resembled monoglycerides in exhibiting an apparent freedom of rota- 
tion of the molecules around their long axes. 

Chemical reactions—The interesting property of interesterification has 
been used as a method for the synthesis of symmetrical, single fatty acid di- 
glycerides, by Baur & Lange (99). When interesterification is carried out at 
low temperatures (above 20°C.) with simple triglycerides and glycerol and 
with the use of catalysts, the diglycerides of the corresponding acids are 
formed. Baur & Lange (99) report the preparation of a new diglyceride, 1,3- 
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dibehenin. Barker et al. (100) have reported an ester interchange when B- 
oleodistearin is heated in an inert atmosphere at 300°C. for 20 hrs. Tristearin, 
oleodistearins, stearodioleins, and triolein were found to be present in the 
reaction mixture in percentage proportions of 24.1:54.9:19.1:1.8 respec- 
tively, which closely simulate what one would expect with random distribu- 
tion (29.7:44.4:22.7:3.7). The interchange is similar to that occurring at 
lower temperatures when catalyzed by Sn(OH): or sodium methylate. 

The saponification of several monoglycerides (a-monomyristin, a-mono- 
stearin, a-monoolein) was found to follow a second order reaction when an 
aqueous acetone solution of NaOH was used. However, when the solvent 
was ethanol, the reaction was no longer of the second order since, in addition 
to the hydrolysis of the monoglyceride, an interesterification occurred, with 
the formation of the ethyl ester; the saponification of the new ethyl ester 
ensued (101). 


CONJUGATE LIPIDS 


Phospholipids —One of the most noteworthy advances in the phospho- 
lipid field has been the development of methods for the synthesis of optically 
active members of this group of compounds. Using as a starting material the 
D or L isomer® of the a, 8-diglyceride prepared according to the method of 
Sowden & Fischer (102), Baer (103) has prepared both of the enantiomorphs 
of a-phosphatidic acid, as well as their racemic forms. The appropriate a,8- 
diglyceride is first phosphorylated by means of phenylphosphoryl dichlo- 
ride in the presence of pyridine. This reaction product is freed from the 
phenyl groups by catalytic hydrogenolysis, to give the desired phosphatidic 
acid in an analytically pure state, with over-all yields ranging between 75 
and 82 per cent. From the phosphorylation of D-, L-, or DL-a, B-diglycerides, 
the corresponding L-, D-, or DL- phosphatidic acid, respectively, was ob- 
tained. Using this procedure, distearoyl-, dipalmitoyl-, or dimyristoyl-L-a- 
phosphatidic acids were prepared, as well as their choline, ethanolamine, 
and pyridine salts. 

Baer & Kates (104) have recently reported the synthesis of the enantio- 
morphic forms of several lecithins by the use of a method analogous to that 
for phosphatidic acids. Three homologous a@-lecithins of the L-series were pre- 
pared, namely dimyristoyl-, dipalmitoyl-, and distearoyl-lecithins. On the 
basis of elementary composition, melting points, solubilities, x-ray diffrac- 
tion patterns, and optical rotation, it was proved that synthetic L-a-(dipal- 
mitoyl) lecithin is identical with natural, dextrorotatory (dipalmitoyl) leci- 
thin previously isolated from Cysticercus fasciolaris (105) as well as from 


5 The asymmetrically substituted mono- and diglycerides are described as D or L 
depending on their stereochemical relationship to d- and /-glyceraldehyde, respec- 
tively. In the case of the lecithins, those containing L-a-glycerophosphorylcholine 
(structurally related to /-glyceraldehyde) are described as belonging to the L series 
and conversely for the p series. Natural dextrorotatory (dipalmitoyl) lecithin is thus 
L-a-(dipalmitoyl)lecithin (104). 
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brain, lung, and spleen (106, 107). This establishes the a-constitution and 
L-configuration for the above natural products. The same constitution and 
configuration apparently obtain with other natural lecithins, since, on cat- 
alytic reduction, that isolated from egg yolk (108) and from brain (109) both 
yielded dextrorotatory distearoyl-lecithin (having a specific rotation of + 6°), 
which appears to be identical with synthetic L-a-(distearoyl) lecithin. Al- 
though the synthesis of the p-a-lecithins was not attempted, both D,L- 
a-(dipalmitoyl) and D,L-a-(distearoyl) lecithins have been synthesized. 

Baer, Maurukas & Russell (110) have employed, for the preparation of 
a-cephalins (phosphatidylethanolamines), the same synthesis as that used 
for phosphatidic acids. The diacyl-a-glyceryl-phenylphosphory! chloride 
obtained by treatment of the D-, L-, or DL-a,8-diglyceride with phenylphos- 
phoryl dichloride in the presence of pyridine is immediately esterified with 
carbobenzoxyethanolamine. After separation of the a-glyceryl phenylphos- 
phoryl carbobenzoxyethanolamine, a simultaneous removal of the protective 
phenyl and carbobenzoxy groups is accomplished by catalytic hydrogenoly- 
sis in the presence of platinum and palladium. Over-all yields of the a-cepha- 
lins of approximately 50 per cent were obtained. After precipitation from 
chloroform with acetone, and recrystallization from dioxane, the product 
was obtained in the form of microscopic spherulites which exhibit birefrin- 
gence under polarized light. Data are given on distearoyl-, dipalmitoyl-, and 
dimyristoyl-L-a-cephalins prepared by this procedure. Baer (103) is of the 
opinion that L-a-glycerophosphoric acid is a possible precursor in the bio- 
synthesis of the a-phospholipids; it presumably originates in the carbohy- 
‘drate cycle, where it could be formed by the enzymatic asymmetric reduction 
of dihydroxyacetone phosphate (111). This viewpoint is supported by the 
fact that all asymmetric derivatives of glycerol occurring naturally which 
have been investigated have been shown to be members of the L-series. 
These include a-glycerophosphoric acid (111), a-glycerylphosphorylcholine 
(112, 113), and distearoyl- and dipalmitoyl-a-lecithin (109, 114), which are 
the only lecithins which have been isolated in the pure state from natural 
sources. 

Baer (103) has indicated that an asymmetrically substituted glyceride 
can be assigned to either one or two possible optical systems. In the case of 
an a-phosphatidic acid, it can be considered to be derived from its diglycer- 
ide (in which case it would belong to the D-series), or it may be related to its 
glycerophosphoric acid moiety (in which case it would belong to the L-series). 
Since the glycerophosphoric acid is the same in every a-phosphatidic acid, 
and it has already been related to L-glyceraldehyde (111), Baer proposes to 
use this portion of the molecule as the stereochemical reference compound. 
In the case of a-lecithins and a-cephalins, the a-phosphatidic acid is as- 
signed the L configuration if it contains L-glycerophosphoric acid and the p 
configuration if the component glycerophosphoric acid is the p isomer. The 
method for classification of such steric compounds is described in detail by 
Fischer & Baer (115) and recently by Baer & Kates (104). 
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The first of the D series of lecithins has recently been synthesized by 
Baer & Martin (116). The method was entirely analogous to that employed 
for L-lecithin (109, 114), except that L-acetone glycerol was used as a start- 
ing material in place of p-acetone glycerol. The only p-lecithin synthesized 
was D-a-dimyristoyl-lecithin; this was obtained in an over-all yield of 32.6 
per cent based on the L-a,8-dimyristin which was used as the starting ma- 
terial. 

A homogeneous lecithin has recently been prepared from commercial 
beef heart lecithin by Rice & Osler (117) making use of a chromatographic 
separation of a magnesol-celite column (5:1). After impregnation of the col- 
umn with benzene, the benzene solution of lecithin was poured onto it. The 
chromatogram, which was developed with benzene containing 2 per cent (by 
volume) of tert-butyl alcohol, showed two zones. The position of the zones 
was identified on the extruded columns by streaking them with an aqueous 
solution of 1 per cent potassium permanganate containing 2.5 per cent of 
sodium hydroxide. The upper zone, which proved to be the active one in the 
serological test for syphilis, appeared as a homogenous band when rechro- 
matographed. The cadmium salt had a composition practically identical 
with the theoretical one of CyHs2OsNP(CdCl.)3. Pangborn (118) has also 
described a simplified method for preparing lecithin from egg yolk and beef 
heart. 

In an investigation of the serodiagnosis of syphilis, it is now known that 
two of the essential components are cardiolipin and lecithin. Not only does 
the lecithin purified chromatographically from commercial beef heart leci- 
thin (117) give satisfactory results in this test, but also several synthetic 
pure L-a-lecithins are active (119, 120). It was shown by Kline (120) that L- 
a-(dimyristoyl) lecithin can replace the ‘‘purified lecithin of beef heart’’ ad- 
vantageously as an antigen component in this serodiagnosis test. It was 
found that there is little change in antigenic activity of the lecithin with 
change from unsaturated to saturated acids or by varying the chain length 
of the acids from C,, to Cis; however, the effectiveness of the antigen is com- 
pletely lost if the choline-phosphoric acid ester linkage is ruptured. It is 
somewhat surprising to find that the behavior of D-a-(dimyristoyl) lecithin 
as an antigenic agent (116) is similar to that of its L isomer. 

Bevan & Malkin (121) have recently investigated the x-ray diffraction 
patterns of synthetic D- and L-cephalins (phosphatidylethanolamines) of the 
a- and B-constitution. The dilauroyl-, dimyristoyl-, dipalmitoyl-, and di- 
stearoylcephalins were included in this study. The data suggest that the crys- 
tals are arranged in a layer of double molecules lying across the refracting 
planes at angles of 73°20’ to the a-compounds, and 55°5’ to the 8B-compounds. 
The (+) a- and B-isomers are readily distinguished by their side spacings. 

Carter & Humiston (122) have recently demonstrated that sphingine, 
prepared from sphingosine, is 1-hydroxy-2-amino-octadecane having the 
structure CH;(CH2);;-CH(NH:)-CH2OH instead of the composition 
Ci:7Hx(OH)(NH:) as postulated originally by Levene & West (123) and 
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jater by Klenk & Hiarle (124). The new structure is in harmony with the re- 
vised formula for sphingosine which was recently shown by Carter e¢ al. 
(125) to have the hydroxyl groups on C; and C; and the amino group on C3. 

2-Amino-octadecane-1,3-diol, CH3(CH2)%: CHOH: CH(NH:2)-CH;0OH, 
has recently been synthesized as a racemic mixture, by Gregory & Malkin 
(126). One of the optical isomers of the diol is identical with dihydrosphingo- 
sine, which has previously been prepared by reduction of sphingosine in the 
presence of colloidal platinum (127), and which has likewise been reported to 
be a normal component of new tissue and brain (127). 

Two new sphingosine ethers have also been identified by Carter and as- 
sociates (128). When cerebrosides are hydrolyzed with alcoholic sulfuric 
acid, an extensive formation of sphingosine ethers occurs. Two different 
O-methylsphingosines having the identical structure of 1-hydroxy-2-amino- 
3-methoxyoctadecene-4 but with opposite configuration were prepared. 

Acetal phospholipids (also referred to as plasmalogens) have recently 
been prepared from brain by a new procedure devised by Thannhauser, 
Boncoddo & Schmidt (129). The earlier method used by Feulgen & Bersin 
(130) for the isolation of these compounds from beef muscle was found not 
to be applicable to tissues, such as the brain, which contain large amounts 
of lipid. Crystalline acetal phospholipids prepared from beef brain by the 
new method were shown to belong to the a-series (131). This fact was es- 
tablished by examination of the crystalline glycerylphosphorylcolamine pre- 
pared by catalytic hydrolysis of the original phospholipids. Another interest- 
ing finding in relation to the brain acetal phospholipids is the fact that the 
fatty aldehydes present in these molecules are devoid of unsaturated repre- 
sentatives and are composed entirely of saturated fatty aldehydes (132). 
Palmitic aldehyde and stearic aldehyde were the only two aldehydes present, 
the former occurring in a somewhat higher proportion. Klenk & Béhm (133) 
reported the presence of a new serine-containing acetal phosphatide in brain 
which is present in the phosphatidylserine fraction. 

Feulgen et al. (134) proposed a new method for the determination of the 
acetal phosphatide in serum. The original procedure has been modified so 
that the color development with fuchsin-sulfurous acid requires only 15 min. 
The entire determination can be completed in 45 min. The ‘‘Waelsch effect’’ 
is thus avoided, as shown by tests on a number of human sera and on 
sera from various animals. Robins & Lowry (135) described a micromethod 
which facilitates the determination of lecithins, cephalins, sphingomyelins 
and total sphingolipids in 25 ug. of brain. 

Cerebrosides.—A new sugar-containing lipid has been isolated from the 
formed constituents of human blood (136). It is thought to be a product of 
the erythrocyte stroma. On hydrolysis, the following components were ob- 
tained: fatty acids (principally lignoceric acid), 29 per cent; sphingosine, 
20 per cent; and a sugar mixture containing galactose, glucose, and chondros- 
amine, 40 to 41 per cent. 

Although it has been recognized for a long time that the carbohydrate 
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component combines in a glucoside linkage with one of the hydroxyl groups 
of sphingosine, it has been uncertain whether the combination occurs with 
the hydroxy! on C; or on C3. Nakayama (137) believes that he has solved this 
question; he proved that the glucoside attachment in cerebron occurs on Cy. 
In harmony with the earlier report of Carter e¢ al. (125) on the structure of 
sphingosine, which has recently been confirmed by the proof of the structure 
of a derivative, sphingine (122), Nakayama indicates that the attachments 
of —OH, —NHz, and —OH groups in the sphingosine component of the cer- 
ebroside are on C;, C2, and Cs. 


LIPOPROTEINS AND PROTEOLIPIDS 


Lipoproteins and proteolipids are alike in that they both have a lipid 
moiety and a protein moiety. However, Folch & Lees (138) found that, while 
lipoproteins are soluble in water or salt solutions, proteolipids are insoluble 
in water but soluble in chloroform-methanol solutions and in other lipid sol- 
vents. Folch & LeBaron (139) were able to obtain, from the trypsin digest 
of brain white matter proteins (previously freed of lipids, proteolipids, and 
acid-soluble components by presumably adequate treatment), a trypsin- 
resistant residue which, on analysis, was found to contain 11 per cent nitro- 
gen, 1.60 per cent sulfur, and 1.77 per cent phosphorus. The nitrogen repre- 
sented protein material, and the phosphorus was present as inositol diphos- 
phate, probably as a constituent of a phosphatide. In spite of its lipid nature, 
phosphorus could not be extracted by the usual solvent treatment. It was 
therefore concluded that a lipoprotein complex was present here in which 
the bond between the constituent lipid and protein moieties was much 
stronger than is the case with the usual complexes of this type. 

Folch, Arsove & Meath (140) prepared a compound, strandin, from brain 
gray matter which, on analysis, yielded 2.6 per cent nitrogen, and approxi- 
mately 0.2 per cent phosphorus and 0.2 per cent sulfur. It contained neura- 
minic acid, fatty acids, sphingosine, or a sphingosine-like substance, carbo- 
hydrate, and a primary amine which is combined through its —NH; group. 
Strandin, which was isolated from homogenized brain tissue by extraction 
with 2:1 chloroform-methyl alcohol (141), on drying from aqueous solution, 
formed strands with good orientation under polarized light, and was found 
to be electrophoretically homogeneous. Examined in the ultracentrifuge, it 
showed a main component (80 per cent) with a minimum possible molecular 
weight of 250,000. 

Several groups of investigators have been studying lipoproteins of differ- 
ent densities by various physical and chemical methods. Cogin & Petermann 
(142) examined lipoproteins of low density (less than 1.06), prepared by 
method X of Cohn et al. (143), in the analytical ultracentrifuge, by a modi- 
fication of the flotation method of Gofman et al. (144). They found that the 
amount of plasma f-lipoprotein cholesterol is proportional to the concentra- 
tion of serum low-density lipoprotein over a wide range. Green, Lewis & 
Page (145) increased the density of human serum to 1.21 by the addition of 
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potassium bromide, and found that, under these conditions, no serum pro- 
teins precipitated, and the a- as well as the 8-lipoproteins had a negative 
sedimentation velocity. They also studied the ultracentrifugal patterns of 
these a- and 8-lipoproteins of human serum (146). The normal pattern in- 
cluded the 8-lipoprotein, and more rapidly moving elements described by 
Gofman et al. (144), and, in addition, a-lipoprotein and at least one other 
component. The normal patterns showed wide variation in the concentra- 
tion of the different components. Goldwater et al. (147) also studied human 
serum by ultracentrifugal methods and obtained a separation by stratifica- 
tion of lipoproteins by sedimentation and density effects. They obtained a 
“cream zone” at the top of the tube which contained all lipids, predomi- 
nantly neutral fat. Near a density of 1.020, peak concentrations of all lipids 
were found. Indications of other lipid accumulation were noted in the regions 
of densities of 1.035, 1.055 and the bottom of the tube; free cholesterol was 
absent at densities higher than 1.035, and cholesterol esters were minimal at 
the bdttom. These compartments apparently contained distinct entities, as 
was indicated by their differing chemical compositions. 

A lipoprotein from human erythrocytes, elinin, was isolated and studied 
by Dandliker et al. (148). It seemed to consist of large asymmetric particles. 
The chief practical interest of elinin lies in its content of Ry, factor, A and B 
substances. 
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INTRODUCTION 


Only a year has elapsed since the masterly review of the biochemistry 
of the steroids by Lieberman & Dobriner (1), but current interest in these 
compounds is expressed in such a number of papers that only advances in 
the chemistry and metabolism of the steroids will be considered here, and 
discussion of the physiological action of these compounds will be omitted. 
This review has also been limited to the role of steroids in the animal organ- 
ism; their relations to plants and microorganisms have not been considered. 

The most significant work in the organic chemistry of these compounds 
seems to have been that on total synthesis. Advances in the preparation of 
the cortical hormones have been of great practical benefit, both therapeuti- 
cally and in making available adequate supplies for metabolic studies. These 
metabolic studies have begun to give us a picture of how the organism pro- 
duces the steroids. They have also cast further light on the mechanisms 
whereby the body converts hormonally active compounds into substances 
without this specific activity. The use of isotopic carbon has been particu- 
larly useful in these fields. In addition, the development of new chromato- 
graphic methods has assisted in the identification of products formed during 
synthesis or inactivation. There have also been many clinical studies on 
steroid excretion, but the major contribution has been to cast doubt on the 
usefulness of accepted procedures. 


CHEMISTRY OF THE STEROIDS 


The reactions covered in this review are those in which the sterols, bile 
acids, and steroid hormones are involved. The chemistry of the cardiac 
glycosides and alkaloids has not been included since their reactions in the 
animal organism are pharmacological. The sapogenins are considered pri- 
marily as starting materials for the synthesis of hormones. 

During 1950 an international meeting was held on steroid nomenclature. 
The recommendations have been published in both the Swiss (2) and English 
(3) journals. Since, however, the changes have not yet been generally adopted, 
the nomenclature of Fieser & Fieser (4) has been followed for the most part 
in this review. The major exception is use of the term etiocholanolone as 
commonly accepted. 


1 The survey of the literature pertaining to this review was concluded in Decem- 
ber, 1951. 
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GENERAL METHODS 


Ring A.—The dibromination of 3-ketosteroids of the normal series has 
been investigated by Djerassi et al. (5). After refluxing the corresponding 
dibromides with collidine, A**-cholestadien-3-one and A?-‘-androstadien- 
17B-ol-3-one acetate were obtained in 25 per cent and 34 per cent yield re- 
spectively, in addition to from 8 to 9 per cent of the A!-2-bromo-3-keto- 
steroids. Similar results were reported by Inhoffen et al. (6). The new method 
for conversion of 3-keto compounds of the allo series to A‘-3-keto derivatives 
(1) has been used for the synthesis of compound S and cortisone (7). 

Reactions of enol ethers have been studied by Inhoffen ef al. (6, 8, 9). 
Cholestenone enol ether on hydrogenation with palladium gives a 70 per cent 
yield of cholestanone enol ether (double bond in 2,3-position) which is con- 
verted to cholestanone by acid hydrolysis and to 2-bromocholestanone by 
treatment with bromine. The enol ether of coprostanone has the double bond 
in 3,4-position and gives 4-bromocoprostanone on bromination. The location 
of the double bonds was proved by ozonolysis. The enol acetates of cholesta- 
none and coprostanone react with N-bromosuccinimide to give mainly A!- 
cholestenone and A‘-cholestenone respectively (10). 

Further studies of the dienone-phenol rearrangement were carried out. 
Woodward et al. (11) used A!:*-4-10-methyl-2-ketohexahydronaphthalene 
as a model compound and obtained 4-methyl-ar-1-tetralol. When the same 
reaction is applied to steroid ketones, however, the rearrangement does not 
take place in the same way (1). Dreiding et al. (12) methylated the so-called 
‘*x-methyl hetero phenol” obtained from A?‘-androstadiene-3,17-dione and 
dehydrogenated the methyl ether with palladium. In addition to other prod- 
ucts 10 per cent of a 1-ethyl-2,x-dimethyl-y-methoxyphenanthrene was 
isolated which was not identical with 1-ethyl-2,5-dimethyl-8-methoxyphe- 
nanthrene (13), the analog of 4-methyl-ar-1-tetralol. 

An improved method for labeling of steroids in the 4-position was re- 
ported by Fujimoto (14) and by Heard & Ziegler (15). The enol lactones ob- 
tained from cholestenone and testosterone acetate are reacted with one mole 
of methylmagnesium iodide, followed by Dieckmann condensation. 

The benzyl thioenol ethers of several A‘-3-ketosteroids were prepared 
by Romo et al. (16). These could be readily split with acids. On treatment 
with Raney nickel they were reduced to A*®-dienes which could be hydro- 
genated to compounds of the allo series. Neither the 17- nor the 20-keto 
groups reacted with benzyl mercaptan in the presence of pyridine hydrochlo- 
ride. Thus testosterone was made from androstenedione, or allopregnan-20- 
one and allopregnan-21-ol-20-one from progesterone and desoxycorticoster- 
one respectively. The behavior of cyclic hemithioketals proved to be similar 
to that of benzyl thioenol ethers with the exception that they were hydro- 
lyzed by treatment with Raney nickel (17). 

The reduction of several toluenesulfonic acid esters of steroid alcohols 
was reported by Karrer et al. (18). 

Ring B.—The photobromination of cholesteryl esters in 7-position by 
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means of bromine has been reinvestigated (19) and the steric configuration 
of the 7-bromo isomers has been discussed (20). The A*?-dienes formed by 
debromination with collidine or dimethylaniline are always accompanied by 
small amounts of the A‘:*-dienes (21). Debromination with calcium hydroxide 
leads to the formation of 10 to 38 per cent A?**-cholestatriene. The collidine 
method has been applied to the 7-bromides of dehydroepiandrosterone ace- 
tate and benzoate, A*-androstene-38,178-diol diacetate and 3-acetate-17- 
benzoate, 21-acetoxypregnenolone acetate (22), several derivatives of chol- 
esterol (23 to 26), diosgenin acetate (27), and pregnenolone acetate (22, 28). 
Two of the A®:?-dienes thus obtained were converted to maleic anhydride ad- 
ducts (29), and three A®:7-3-hydroxy compounds were oxidized by the Op- 
penauer method to A*’-3-keto compounds (28, 30). Hydrogenation of the 
5,6-double bond can be effected in ethyl acetate solution with platinum oxide 
as a catalyst, to give A’’*-unsaturated steroids (28, 31, 32). 

The chemical action of ionizing radiation on steroids has been studied 
by Keller, Weiss & Clemo. In all cases oxidation takes place; e.g., choles- 
terol is oxidized to 7-ketocholesterol and cholestane-36,5,68-triol, and preg- 
nenolone to allopregnane-36,5,68-triol (33, 34). From cholic acid, small 
amounts of two products were formed, one of which proved to be 3a,12a- 
dihydroxy-7-ketocholanic acid (35). The action of hydroxyl radicals (hydro- 
gen peroxide and ferrous sulfate) on cholesterol also resulted in formation of 
7-ketocholesterol and the triol mentioned above (36). 

Ring C.—The conversion of A®’-3-hydroxy to A®7-%-3-hydroxy com- 
pounds can be effected with mercuric acetate (28, 31, 37). In the same manner 
A’-unsaturated steroids are converted to A7'*-dienes (28, 31, 38, 39). On 
Oppenauer oxidation, the trienes mentioned above are transformed to 
A*:7-9.3-keto compounds (30). The maleic anhydride adduct products of two 
trienes have been described recently (40). 

The A’'*-dienes are valuable intermediate products for the synthesis of 
11-ketosteroids. Four different methods have been described thus far. A 
procedure developed in the laboratories of Merck & Co. (41) proceeds in the 
following way: The diene I is oxidized with one mole of perbenzoic acid to 
give a monoepoxide (probably II) which on hydrolysis forms the unsaturated 
diol III. Oxidation with chromic acid yields IV; and successive reduction of the 
double bond with zinc, the saturated 7,11-diketone V. Wolff-Kishner reduc- 
tion attacks mainly the 7-keto group in V and affords the 11-keto compound 
VI. A similar series of reactions was used by Heusser et al. (41a) for the syn- 
thesis of 11-keto compounds. In the second method developed by Fieser 
et al. (39), the diene I is oxidized with sodium dichromate and gives a mix- 
ture of the unsaturated diketone IV and the A*-7-keto compound VII. The 
latter rearranges readily to the corresponding a,8-unsaturated ketone VIII 
which can be reconverted to the diene I by reduction with sodium and amyl 
alcohol (IX), followed by dehydration. A further method of Fieser ef al. 
(42) consists in reaction of I with excess N-bromosuccinimide in aqueous 
ter-butanol and addition of silver nitrate followed by chromic acid. The 
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postulated intermediate products are X and XI, and the end product is IV. 
The partial reduction of V can also be accomplished by formation of the 
7-cycloethylenemercaptol XII which yields VI on reduction with Raney 
nickel. 

In the fourth procedure, the diene I is oxidized with performic acid to 
the oxidoketone XIII. Alkaline hydrolysis affords the unsaturated hydroxy- 
ketone XIV; and hydrogenation, the saturated hydroxyketone XV. The 
latter, upon Wolff-Kishner reduction, gives the 1la-hydroxy compound 
XVI which can be oxidized to the 11-keto compound VI (43). This method 
seems to be applicable only to compounds of the allo series (42). 

A new route to 11-ketosteroids starting from A*-unsaturated compounds 
(XVII) was described by Heymann & Fieser (44). By successive oxidation 
with perbenzoic acid and sodium dichromate the epoxides XVIII and XIX 
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are prepared. The latter is oxidized with chromic acid to give the 3,9-epoxide 
XXI which reacts with hydrogen bromide to form the bromodiketone XX. 
Reductive elimination of the bromo atom leads to the diketone XXIII; and 
partial reduction with sodium borohydride, followed by acetylation, to 
XXIV. Reduction of XXI with sodium borohydride gives rise to the forma- 
tion of a mixture of triols which contains the 3a,9a,118-triol in largest 
amount. The 3-monoacetate of this triol can be oxidized to XXII. The con- 
version of XXII to XXIV is accomplished either by direct Clemmensen re- 
duction or via the bromoketone XXV. 


HO. 
—_—___-_-- 
xIV 
HO. HO. 
—_—_—_—> —_— VI 
xv xvi 


Ring D.—Reactions of the 17-keto group with B-mercaptoethanol and 
with organometallic compounds have been described recently (17, 45). The 
reduction of estrone and its esters was carried out with sodium borohydride. 
It was found that most esters are not saponified with this reagent, while 
they are with lithium aluminum hydride (46). By the action of x-rays (+)- 
estrone-b is converted in small yield to Westerfeld’s lactone (47). Beckmann 
rearrangement of 17-ketosteroid oximes leads to the formation of lactams 
with six-membered ring D which bear the NH-group in the 17a-position (48). 

It has been known for a long time that the double bond in A'-20-keto- 
steroids is very reactive. A few more examples were reported: the formation 
of 16-alkoxy compounds by treatment with alcoholic potassium hydroxide 
(49), of 16-thiobenzyl ethers by treatment with benzyl mercaptan in the 
presence of piperidine or toluenesulfonic acid (16), and of 168-hydroxy- 
ethylmercapto compounds by treatment with B-mercaptoethanol (17). On 
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Wolff-Kishner reduction (through the semicarbazone) the 16,17-double bond 
shifts to the 17,20-position (50). 

Side chain.—Certain rules have been established for the reduction of the 
20-keto group. Methyl ketones like pregnenolone give both epimeric 20- 
hydroxy compounds on hydrogenation with Raney nickel, as well as on re- 
duction with lithium aluminum hydride (38, 51, 52, 53). It seems, however, 
that the 208-epimer is formed in somewhat larger amounts than the 20a- 
epimer. The simultaneous reduction of the 16,17-oxido and the 20-keto 
groups also leads to a mixture of both 20-epimers (54). When compounds 
with the dihydroxyacetone side chain are reduced with lithium aluminum 
hydride or lithium borohydride, usually only 208-hydroxy compounds (nat- 
ural configuration) are obtained (54, 55, 56). A rather peculiar reaction was 
discovered by Nes & Mason (57) who reduced a 16,17-unsaturated ketol ace- 
tate with zinc and acetic acid and obtained a mixture of the 16,17-unsat- 
urated methyl ketone and the corresponding alcohol. 

Cyclic hemithioketals of 20-ketosteroids were described by Romo e¢ al. 
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(17). Treatment of pregnenolone acetate with ethyl mercaptan resulted in 
the formation of 35 per cent 20-mercaptol and 65 per cent 20-thioenol ether 
(58). The bromination of allopregnanedione was studied by Rubin et al. (59) 
who could show that it proceeds successively on carbon atoms 2,17, and 4. 
By exhaustive bromination of progesterone a 2,6,17-tribromide was ob- 
tained (60). Fleisher & Kendall (61) found that on bromination of com- 
pounds with a ketol acetate side chain the first atom of bromine does not 
enter the 17-position, but the 21-position. On treatment with aqueous pyri- 
dine at room temperature the 21-bromo compounds liberate one equivalent 
of bromide ion with formation of the hydrated glyoxal which is converted to 
the enol form [==C(OH)—CHO] by the action of pyridine and glacial acetic 
acid. The 2,4-dinitrophenylhydrazones of these glyoxals and their deriva- 
tives, as well as several dinitrophenylhydrazones of 20-keto-21-hydroxy and 
acetoxy compounds have been prepared by Fleisher & Kendall (62), and 
their ultraviolet absorption spectra have been reported. 

The selective and stepwise reduction of ethinyl androstenediol, ethinyl 
testosterone and A*!6-17-ethinylandrostadien-38-ol acetate were investi- 
gated by Hershberg et al. (63). With palladium as a catalyst the triple bond 
and the 16,17-double bond are hydrogenated, but neither the 5,6-double 
bond nor the A‘-3-keto system is affected. When pyridine is added, the triple 
bond is reduced only to a double bond, and the 16,17-double bond is main- 
tained. 


STEROLS 


Improved methods for the hydrogenation of cholesterol were described 
by Hershberg et al. (64) and Nace (65). In ethyl acetate solution with per- 
chloric acid as promotor (64), as well as in a mixture of cyclohexane and 
acetic acid (65), 88 per cent cholestanol was obtained. The yield of choles- 
terol (34 per cent) prepared by reduction of cholestenone enol acetate with 
lithium aluminum hydride (66) could be increased to from 75 to 85 per cent 
by use of sodium borohydride (67, 68, 69). In a similar manner A*+*:*-chole- 
statrien-3-ol acetate (obtained by acetylation of A**-cholestadien-3-one 
with acetyl chloride and acetic anhydride) was reduced to 7-dehydrocho- 
lesterol (70). The reduction of cholestanone by lithium aluminum hydride 
or a Meerwein-Ponndorf reaction was shown to give a mixture of a- and B- 
cholestanol. With aluminum alkoxides of high molecular weight (e.g., alu- 
minum di-ter-butyl carbinol) yields of a-cholestanol up to 50 per cent could 
be obtained (71). 

7-Dehydrocholesteryl mercaptan was prepared from cholesteryl mer- 
captan (26), as well as from cholesteryl tosylate (24). The product obtained 
by ultraviolet irradiation showed no antirachitic activity (24). By aromati- 
zation of A'-*-cholestatrien-3-one, followed by hydrogenation, a phenolic 
compound was synthesized (72) which is interesting in so far as it contains 
an aromatic ring A and the side chain of cholesterol. The isolation of y- 
cholestenol from commercial cholesterol was reported by Fieser (73). This 
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stenol is believed to be the precursor of a carcinogenic substance which is 
present in progesterone prepared by oxidation of cholesterol dibromide with 
potassium permanganate. 

The structure of two phytosterols has been further elucidated. Ozonoly- 
sis of fucosterol, the sterol of marine brown algae, led to the formation of 
24-ketocholesterol (74, 75). This transformation proves the presence of a 
double bond between carbon atoms 24 and 28. The trans configuration as- 
signed to the C-22 and C-23 hydrogen atoms in ergosterol derivatives on the 
basis of x-ray diffraction patterns was confirmed by Jones (76) with the aid 
of infrared absorption spectra. 

14-Dehydroergosterol was found to be a constituent of Aspergillus niger 
(77). This is the first sterol with four double bonds to be isolated from nat- 
ural sources. 


Bice Acips 


Extensive data on “bile salts” found in different animals have been re- 
ported by Haslewood & Wootton (78). Nutriacholic acid was confirmed as 
a constituent in the bile of Nutria, but the existence of ursodesoxycholic acid 
in bear bile could not be substantiated. Pythocholic acid, the main constit- 
uent of the bile of the African python, might be a 3,12,15(or 16)-trihy- 
droxycholanic acid (79). The conversion to desoxycholic acid has been de- 
scribed recently (80). A new investigation of hog bile resulted in the isolation 
of 40 per cent of hyodesoxycholic acid, 20 per cent of keto acids (mostly 
3a-hydroxy-6-ketoallocholanic acid), and 9 per cent of an unknown dihy- 
droxycholanic acid, probably chenodesoxycholic acid (81). 

The oxidation of cholic acid, lithocholic acid, desoxycholic acid, and 
chenodesoxycholic acid with different reagents has been studied by Fieser 
et al. (82). N-bromosuccinimide in aqueous acetone and potassium chromate 
in aqueous acetic acid buffered with sodium acetate oxidize the 7-hydroxyl 
group readily. The 12-hydroxyl group and, in some cases, the 3-hydroxyl 
group are oxidized by potassium chromate in unbuffered aqueous acetic 
acid. Complete oxidation of all three groups is effected by chromic acid in 
aqueous acetic acid. Carbethoxylation of bile acid derivatives was found to 
be specific to the 3a-hydroxyl group. 

In another paper, Fieser et al. (83) have described the conversion of 
cholic acid to A%-3a-hydroxy-12-ketocholenic acid, a key intermediate for 
the production of an 11-oxygenated bile acid derivative from which cortisone 
can be prepared. Methyl 3a, 7a-diacetoxy-12-ketocholanate (X XVI), avail- 
able in three steps from cholic acid, is convertible with selenium dioxide to 
the 9,11-unsaturated derivative XXVII which on treatment with alkali 
yields A’-*-3a-hydroxy-12-ketocholadienic acid (XXVIII). Reduction of 
this dienone with zinc and acetic acid gives a nonconjugated mono-un- 
saturated ketone [probably A*-3a-acetoxy-12-ketocholenic acid (XXIX)] 
capable of isomerization to A*-3a-hydroxy-12-ketocholenic acid (XXX). 
Both the ester XXVII and the acid XXVIII are converted in good yield by 
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Wolff-Kishner reduction to A‘:*-3a-hydroxycholadienic acid (XXXI) (39, 
41a) which can serve as a convenient starting material for introduction of 
the 11-keto group (see page 131). 


The frequently disappointing yields encountered in the chromic acid oxi- 


dation of A?®-?5:24,24-diphenyldienes to 20-ketosteroids is due to the fact that 
the 20-ketosteroid and diphenylacrolein, formed during oxidation, condense 
in the presence of aqueous alkali with the formation of a 21-diphenylacrylal 
(84). By considering this fact, the over-all yield in the side chain degradation 
of bile acids may be significantly improved. 





ADRENOCORTICAL HORMONES 


An improved method for the isolation of cortisone and compound F from 
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hog adrenals was reported by Baker et al. (85). The last steps in this proce- 
dure included chromatography on wood pulp impregnated with propylene 
glycol (elution with toluene) and paper chromatography. From 33 kg. of 
hog adrenals, 97 mg. of cortisone and only 11 mg. of compound F were ob- 
tained. 

Zaffaroni & Burton (86) have described a procedure for the fractionation 
of complex mixtures of adrenocortical steroids by paper chromatography. 
Analysis of a commercial extract of beef adrenals revealed the presence of 
12 a-ketols of which eight were identified. They are desoxycorticosterone, 
dehydrocorticosterone, corticosterone, allopregnane-38,21-diol-11,20-dione, 
cortisone, allopregnane-38,17a,21-triol-20-one(?), compound F, and allo- 
pregnane-38,17a,21-triol-11,20-dione. The glucosides of cortisone and com- 
pound S were prepared by Meystre & Miescher (87). 

Cortisone-—For the commercial production of cortisone only desoxy- 
cholic acid has been used thus far as a starting material. Great efforts have 
been made to prepare this hormone from inexpensive plant sterols (sapo- 
genins, stigmasterol) and have led to several new methods which were de- 
veloped mainly in the laboratories of Syntex S.A. and Merck & Co. Heco- 
genin, a sapogenin which bears a keto group in 12-position, and diosgenin 
which contains the 5,6-double bond, have been used successfully as starting 
materials. The first 9 steps starting from hecogenin (XXXII) include acetyl- 
ation, bromination (in 11 and 23 positions), saponification with rearrange- 
ment, reduction with zinc (X XXIII) (88, 89), oxidation with bismuth oxide 
(XXXIV), Wolff-Kishner reduction, oxidation with chromic acid (XX XV), 
partial hydrogenation and acetylation (XXXVI) (90). XXXVI is also 
obtained from diosgenin (XX XVII) through the intermediates XX XVIII 
(27), XXXIX and XL (31, 41). Degradation of the ‘‘side chain” accord- 
ing to known methods, followed by hydrogenation of the 16,17-double 
bond thus formed leads to the pregnane derivative XLI (41). An alter- 
nate route branches off from the A’-stenol XX XIX which, after degrada- 
tion of the side chain (XLII) and partial hydrogenation, yields A’-allopreg- 
nen-38-ol-20-one acetate (XLIII) (28). The same compound can be ob- 
tained from pregnenolone (XLIV) (prepared commercially from stigmas- 
terol) by introduction of the 7,8-double bond and hydrogenation of the 
5,6-double bond (28). XLIII is transformed to XLV by reduction with 
lithium aluminum hydride, followed by acetylation and dehydrogenation 
with mercuric acetate (38). Introduction of the 1la-hydroxy group as de- 
scribed previously (page 134) leads to the triol XLVI which is easily con- 
verted to XLVII and, furthermore, to XLI (43). The transformation of 
XLI to cortisone acetate (L) includes introduction of two hydroxyl groups 
in positions 17 and 21 and of the double bond in 4,5-position (7, 91, 92). The 
intermediate products are XLVIII and XLIX (Reichstein’s compound D 
21-monoacetate). All syntheses mentioned thus far require only 22 to 26 
reactions and are thus considerably shorter than the published synthesis of 
cortisone from desoxycholic acid. 
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The total synthesis of cortisone has been made possible by conversion of 
a synthetic steroid (methyl A*-3a-acetoxyetiocholenate, LI) (93) to methyl 
3,11-diketoetiocholanate (LIT) (94; see page 134). The formation of corti- 
sone acetate (L) from LII would include the synthesis of the ketol side chain, 
introduction of a hydroxyl group in 17-position and the double bond in 
4,5-position. All these reactions have been carried out previously. The last 
step, introduction of the double bond, was accomplished by Mattox & 
Kendall (95) by treatment of the 4-bromo compound with dinitrophenyl- 


CH,OH CH20H 
C-CN 
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hydrazine and fission of the unsaturated dinitrophenylhydrazone with py- 
ruvic acid. 

17-Hydroxycorticosterone (Kendall's compound F).—The partial synthe- 
sis of compound F was described by Wendler et al. (96). As starting material, 
the unsaturated nitrile LIII, an intermediate in the synthesis of cortisone 
from desoxycholic acid, was used. The 11-keto group was reduced with 
LiBH, (after protection of the 3-keto group) (LIV), and the dihydroxyace- 
tone side chain was obtained by oxidation with osmium tetroxide (LV). In- 
troduction of the double bond in 4,5-position was accomplished by known 
methods and led to the formation of compound F acetate (LVI). Another 
synthesis of LVI was accomplished by reduction of cortisone disemicar- 
bazone with LiBH, and fission of the semicarbazone (55). 

Other adrenocortical steroids —Reichstein’s compound D (allopregnane- 
38,17a,21-triol-11,20-dione) has been mentioned already as an intermediate 
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in the new syntheses of cortisone (see above). Reichstein’s compound E 
(A*-pregnene-118,17a,208,21-tetrol-3-one) (LVII) was obtained from corti- 
sone acetate (L) by reduction of the 11- and 20-keto groups with LiAIH, after 
protection of the 3-keto group by formation of the enol ether (54, 56). 
Another synthesis started from the tetrol LVIII which was reduced with 
lithium aluminum hydride in form of its 20,21-acetonide. After oxidation 
of the 3-hydroxyl group the introduction of the 4,5-double bond was accom- 
plished in the known manner to yield LVII (56). A mixture of LVII acetate 
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and Reichstein’s compound U acetate (A‘-pregnene-208,21-diol-3,11-dione) 
was obtained by reduction of cortisone acetate 3-monosemicarbazone with 
lithium borohydride, followed by acetylation and fission of the semicarba- 
zone (55). As expected, the 20-keto group was completely reduced, while the 
reduction of the 11-keto group was incomplete. 

The partial synthesis of Reichstein’s compound S (A‘-pregnene-17a,21- 
diol-3,20-dione) from pregnane-3a,17a-diol-20-one and its 38-isomer has 
been described in detail (1, 97). Compound S has also been synthesized from 
allopregnane-17a, 21-diol-3,20-dione 21-monoacetate (7). Another method 
starts from A‘:!7-pregnadien-21-ol-3-one acetate (LIX) (obtained from de- 
hydroepiandrosterone) which yields S-acetate (LX) when oxidized with hy- 
drogen peroxide in the presence of very small amounts of osmium tetroxide 
(98). Finally, compound S was also obtained from A*-pregnene-38, 21-diol- 
20-one diacetate (LXI) via the unsaturated nitrile LXII which was dehy- 








144 SAMUELS AND REICH 


drogenated in the form of its 21-monohemisuccinate. After saponification 
and acetylation, oxidation with potassium permanganate in acetone led to 
the dihydroxyacetone side chain (LX) (98). 
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Experimental data for the partial syntheses of 17a-hydroxyprogesterone 
(LXVII) and Reichstein’s substances L (allopregnane-38,17a-diol-20-one) 
(LXIV) and P (allopregnane-38,17a,21-triol-20-one) (LXV) have been pub- 
lished (1, 99). As starting material for L and P the readily available allopreg- 
nanolone (LXIII) was used. 17a-Hydroxyprogesterone (LXVII) was pre- 
pared from pregnan-3a-ol-20-one (LXVI), pregnan-3B-ol-20-one (LXVIID), 
and also from LXIII (100). 

The trimethylacetates of cortisone, compound S, and desoxycorticos- 
terone have been prepared by Wieland et a/. (101). The last compound shows 
protracted action in comparison with desoxycorticosterone acetate. 

Five synthetic analogues of adrenal cortical hormones have been prepared 
by Limmel ef al. (102). They proved to have from 10 to 40 per cent of the 
activity of desoxycorticosterone acetate. 


PROGESTERONE AND RELATED COMPOUNDS 


The synthesis of 17a-methylprogesterone and 178-methylisoprogesterone 
was described by Heusser e al. (103, 104). 17a-Methylprogesterone was ac- 
tive in the Corner-Allen test at a dosage of 0.3 mg. (progesterone 0.6 to 1.0 
mg.). 
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The aromatic analogs (ring A phenolic) of progesterone and 17a-hy- 
droxyprogesterone were synthesized from allopregnanedione (60). They 
exhibited neither estrogenic nor progestational activity. The methyl ether of 
the former compound was converted into crystalline 19-norprogesterone 
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which showed the same physiological activity as natural progesterone (105). 

The preparation of several monoketones of the pregnane and allopreg- 
nane series was reported by Ruff et al. (106). Riegel et al. (107) described the 
synthesis of 17a-ethinyltestosterone labeled with C™ in positions 20 and 21. 
The yield was 69 per cent with regard to the steroid (androstenedione) and 
13 per cent with regard to C-labeled acetylene. 
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ANDROGENS AND ESTROGENS 


Testosterone 8-cyclopentylpropionate has been prepared by Ott et al. 
(108) and recommended as a long-acting androgen. A‘-Androsten-38-ol- 
7,17-dione acetate has been isolated (109) from the mother-liquors of technical 
dehydroepiandrosterone acetate. Bernstein & Sax (110) have described the 
preparation of dehydroepiandrosteryl mercaptan, the sulfur analogue of de- 
hydroepiandrosterone, which showed no androgenic activity. Androstan- 
38-ol-16-one (LXIX) was obtained by Clemmensen reduction of androstane- 
38,178-diol-16-one. This androgen was identical with a ketone isolated by 
Heard (111) from pregnant mare urine. The same reaction carried out with 
16-ketoestradiol yielded ‘“‘estrone-16’’ (LXX) (112). Thus far nothing is 
known about the physiological activity of this compound. An open chain 
analogue (LX XI) of 7-methyl-bisdehydrodoisynolic acid ethyl ester which 
showed appreciable estrogenic activity was synthesized by Clark (113). 
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Water-soluble a,8-bis(p-hydroxyphenyl) succinic acid was found to be 


as estrogenic, orally, as a comparable intravenous dose of estradiol benzoate 
(114). 


TOTAL SYNTHESES 


Two complete syntheses of nonaromatic steroid compounds were re- 
ported simultaneously from American and English laboratories. Woodward 
et al. (115) used 5-methoxytoluquinone (LX XII) as starting material which 
eventually became ring C of the steroid molecule. By a series of approxi- 
mately 23 steps, mostly using known chemical reactions, the rings D, B, and 
A were built up successively. The end product in this synthesis was dl- 
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A*:946.3-ketoetiocholatrienic acid methyl ester (LXXIII). Resolution of 
LXXIII was effected by reduction with sodium borohydride which led to a 
mixture of the 38- and 3a-hydroxyesters LXXIV and LXXV, and by re- 
peated treatment of this -mixture with digitonin. After decomposition of the 
digitonide in the known manner, the desired optically active d-38-hydroxy- 
ester LX XIV was obtained. Oppenauer oxidation afforded pure d-A*:-!6-3- 
keto-etiocholatrienic acid methyl ester (LXXVI) which was identical with 
a degradation product of 17-hydroxycorticosterone (LX XVII). Hydrogena- 
tion of LX XVI with platinum in acetic acid, followed by oxidation, gave a 
mixture from which the known 3-ketoetioallocholanic acid methyl ester 
(LXXVIII) could be isolated (116). Methods have been previously de- 
scribed for the conversion of LX XVIII to desoxycorticosterone, progester- 
one, androsterone, and testosterone. Furthermore, LX XVIII can be readily 
converted to 38-acetoxyetioallocholanic acid (LX XIX) by reduction with 
sodium borohydride, hydrolysis, and acetylation. By treatment of the acid 
chloride of LXXIX with dimethylcadmium, allopregnanolone acetate 
(LXXX) was obtained which reacted with isohexylmagnesium bromide to 
give the diol LX XXI. Successive dehydration and hydrogenation led to 
the formation of cholestan-38-ol (LXXXII) (117) which can be trans- 
formed to cholesterol through cholestanone and cholestenone as intermedi- 
ates. When the ester LX XVI is hydrogenated with palladium as a catalyst, 
a mixture of the 5-epimeric A®-3-ketoetiocholenic and etioallocholenic acid 
esters LX XXIII is obtained which after reduction with sodium borohydride 
can be separated by treatment with digitonin. The nonprecipitable ester 
LXXXIV has been converted to LXXXV (see page 142) which can be used 
as an intermediate for the synthesis of cortisone. 

The second total synthesis of a steroid hormone was recently described 
by Robinson and his co-workers (118). They started with the optically active 
saturated diketo derivative LXXXVII which had been previously syn- 
thesized from 1,6-dimethoxynaphthalene (LX X XVI) (119), and introduced 
a double bond in the 8,8a-position (LX XXVIII). By treatment of the enol 
acetate of LXX XVIII with potassium amide the 8a,9-unsaturated diketone 
LXXXIX was obtained which, after reduction with lithium aluminum hy- 
dride, gave the unsaturated diol XC. Partial oxidation led to the ketone 
XCI. The benzoate of XCI on carbonation, followed by esterification with 
diazomethane, gave a mixture of two stereoisomeric esters XCII, one of 
which was treated with bromoacetate and the resulting condensation prod- 
uct saponified to XCIII which in turn was converted to XCIV by a se- 
ries of known reactions. The side chain of the half-ester XCIV was then 
lengthened by Arndt-Eistert reaction, and ring closure was effected by 
Dieckmann cyclization. Decarboxylation yielded epiandrosterone which was 
isolated in the form of its acetate (XCV). This 17-ketosteroid can be used 
for the synthesis of testosterone, progesterone, and desoxycorticosterone. 

Billeter & Miescher (120) also attempted the synthesis of androstan 
derivatives from tricyclic ketones like LXXXVII. They obtained two 17- 
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ketosteroids which had an unnatural configuration in regard to the linkage 
of rings C and D. 

Considerable effort has been made to synthesize a steroid hormone by ad- 
dition of ring A to the ring BCD system. Previous experiments on the con- 
densation of the synthetic tricyclic diketone XCVI with diethylaminobu- 
tanone had not succeeded in the desired direction, probably a result of the 
trans junction of rings B and C (121). For the same reason the tricyclic 
monoketone XCVII, a degradation product of cholestenone, did not react 
with diethylaminobutanone, but could be brought into reaction with acry- 
lonitrile after protection of the methylene group adjacent to carbonyl 
(XCVIII). By treatment with acid, then with alkali, the keto acid XCIX 
was obtained which can be transformed to cholestenone and cholesterol ac- 
cording to known methods (122). 
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Two saturated diketones (LXXXVII but without the methyl group in 
2 position, and a stereoisomer of unknown configuration) were prepared by 
Wilds et al. (123). The first compound was identical with a diketone syn- 
thesized by Robinson (119) which has the unnatural configuration in the 
junction of rings B and C. Unsaturated derivatives of LX XXVII were also 
prepared (123, 124) but they have not been hydrogenated thus far. 

A new total synthesis of estrone has been described by Johnson ef al. 
(125, 126). The starting material was anisole (C) which is relatively more ac- 
cessible than meta substituted anisoles used in previous syntheses. The 
Friedel-Crafts reaction with glutaric anhydride gave 8-anisylbutyrate which 
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in form of its ethyl ester underwent Stobbe condensation with diethyl suc- 
cinate to form a mixture of acid esters. After saponification, one of the iso- 
meric tribasic acids CI could be isolated in good yield. Hydrogenation of the 
double bond was accomplished with a nickel-aluminum alloy in sodium hy- 
droxide. Dieckman cyclization of the trimethyl ester of the saturated tribasic 
acid and methylation in situ gave the keto ester CII. Reformatsky reaction 
of CII with methyl bromoacetate yielded a mixture of a lactone and a hy- 
droxy ester which was treated with formic acid to lactonize the hydroxy 
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ester. Sodium hydroxide converted the mixture of isomeric lactones into es- 
sentially one form of the unsaturated acid CIII. Cyclization, followed by hy- 
drogenolysis of the keto group and hydrogenation of the double bond re- 
sulted in formation of the known dimethyl ester CIV. Partial saponification 
and homologation by the Arndt-Eistert reaction afforded the diacid CV 
which was transformed to di-estrone methyl ether by cyclization. The de- 
methylation and resolution of this product has been previously described. 

A racemic stereoisomer of estrone synthesized previously (127) was 
proved to be dl-lumiestrone by comparison of the infrared spectra of its 
methyl ether and lumiestrone methyl ether (128). 

The structure of an unsaturated ketoacid ester, an intermediate product 
in Johnson’s synthesis of equilenin, has been proved by ultraviolet spectros- 
copy. The double bond lies in the 14,15-position and shifts to the 15,16- 
position upon saponification (129). 

A new synthesis of the two racemic forms of 6-methoxy-17-equilenone 
has been reported by Hirschmann & Johnson (130), and configurations have 
been assigned to both stereoisomers. In a new synthesis of bisdehydro- 
doisynolic acid the number of steps could be reduced to seven, starting with 
8-methoxynaphthalene (131). 


METABOLISM OF STEROIDS 
ANALYTICAL METHODS 


Chromatographic techniques—The study of change, which is implicit in 
the term metabolism, depends on the invention of techniques. During the 
past year, improvement in both qualitative and quantitative procedures 
has helped greatly in understanding the metabolism of the steroids. Burton, 
Zaffaroni & Keutmann (132) have published in detail the method, already 
described briefly (133), which has proved to be such a useful tool for the 
identification and rough estimation of the adrenal steroids. This technique 
depends on the impregnation of filter paper with a nonvolatile, nonaqueous 
polar phase over which the nonpolar phase flows in a descending chromato- 
gram. The relative rates of movement of a large number of Cy steroids and 
their esters is described, and the sensitivity of four reagents for identifica- 
tion of the steroid spots is tabulated. Zaffaroni & Burton (86) describe a 
system of repeated chromatograms by which they are able to identify the 
components of the complex mixtures found in adrenal extracts. Burton et al. 
(134) have also outlined a modification for the identification and estimation 
of adrenal steroids in 72-hr. samples of human urine. 

Other improvements in partition chromatography have led to the sepa- 
ration of the less polar Cjy and Cm steroids. Kritchevsky & Tiselius (135) 
have described a reverse phase system in which the nonpolar phase was sup- 
ported on a silicone-treated paper. Using the descending method, they were 
able to achieve significantly different Rp values for six closely related Cig 
steroids. Butt et al. (136) have reported in detail their technique for the esti- 
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mation of progesterone, in which a celite column supports an aqueous methan- 
ol stationary phase. By this means they obtained quantitative separation 
of progesterone, A‘-androstene-3,17-dione, desoxycorticosterone, and tes- 
tosterone. McMahon et al. (137) were able to separate biologically significant 
sterols on a circular paper chromatogram. A preliminary report of a system 
for separating a wide variety of steroids by paper chromatography was given 
by Shull e¢ al. (138); a more detailed account should prove very helpful. 
Paper chromatography of a large number of steroids was investigated by 
Neher & Wettstein (139). Several methods of spot identification were tried. 
The most widely useful was the fluorescence produced by heating the paper 
aftet treatment with 15 per cent phosphoric acid. 

Brooks et al. (140) found that the separation of the benzoates of steroid 
alcohols on alumina was better than that of the acetates. The method satis- 
factorily distinguished 3-, 5-, 17-, and 20-epimers. By the use of a simple 
chromatogram on alumina, Pond (141) has obtained better fractionation for 
the routine microdetermination of 17-ketosteroids. Two groups of workers 
have chromatographed samples on alumina in the determination of preg- 
nanediol (178, 179). 

There have also been improvements in the chromatography of phenolic 
steroids. Swyer & Braunsberger (142) used a celite column to support a sta- 
tionary phase of 2.3 N sodium hydroxide. Estrone could be quantitatively 
separated from estradiol when benzene was used as the moving phase; isola- 
tion of estriol, however, also required a countercurrent distribution. Pow- 
dered vulcanized rubber impregnated with benzene was used as stationary 
phase by Nyc et al. (143) for the chromatographic separation of estrone, es- 
tradiol, and estriol. Various strengths of aqueous methanol were employed 
as eluants. With mixtures of 400 yg. of each estrogen, the individual re- 
coveries were within 10 per cent of theoretical. Paper chromatography has 
also ‘been used for the separation of mixtures of estradiol-17a and estradiol- 
178 and of equilin and equilenin (144). Boscott (145) has tried a series of 
stationary and mobile phases on paper for the separation of phenolic sub- 
stances found in urine. He also attempted chromatography of derivatives of 
the phenolic components (146), but no simple system gave satisfactory 
separation of the various estrogenic compounds from the many other phenol- 
ic components of urine extracts. 

Solvent partition methods-—Coiuntercurrent distribution has been suc- 
cessfully applied to the isolation of the conjugated and free bile acids (147). 
Engel & co-workers (148) have continued their careful studies of the sepa- 
ration of estrogens by this procedure. They have reported the quantitative 
relations between solvent composition and the partition coefficients for es- 
trone, estradiol-178, and estriol in a series of ternary and quaternary biphasic 
solvent systems. The same group (149) has presented data on fluorescence, 
partition coefficients, and ultraviolet absorption spectra of 15 steroidal es- 
trogens. 

Anderson & Warren (150) have tried ion exchange resins, reverse-phase 
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partition chromatography, and solvent distributions for separating the dif- 
ferent conjugated steroids. No ideal system was found, but all methods 
achieved some degree of separation. Solvent methods seemed most promising. 

Hydrolysis of conjugates—The lack of correspondence between different 
analytical procedures applied to human urine, particularly in the determi- 
nation of compounds related to the adrenal hormones, has led to a more 
thorough investigation of methods of hydrolysis. Bitman & Cohen (151) 
compared hydrolysis of conjugated 17-ketosteroids by the acetate buffer 
procedure of Talbot et al. (152), by spleen glucuronidase, and by hydrochlo- 
ric acid at pH 1. The authors conclude that buffer hydrolysis at pH 4.7 sets 
free the steroids conjugated with sulfuric acid in a position B to a double 
bond, that the glucuronidase splits all glucuronides, and that the additional 
amount recovered after strong acid hydrolysis represents the sulfates in 
which a double bond was not # to the ester. The recoveries of digitonin- 
precipitable 17-ketosteroids after buffer hydrolysis were much larger than 
after strong acid treatment alone. The difference was approximately equiva- 


- lent to the amount by which the sum of recoveries when the three hydrolyses 


are done in sequence exceeded the amount hydrolyzed by strong acid alone. 
It was thought, therefore, that the difference was due to the destruction of 
dehydroepiandrosterone by the strong acid. Glucuronidase hydrolysis did 
not set free any significant amount of digitonin-precipitable material; it 
would therefore appear that dehydroepiandrosterone is not normally con- 
jugated with glucuronic acid. 

Stimmel (153) has shown that the acid hydrolysis of urine in the presence 
of zinc dust, suggested by Arrhenius (154) for the determination of 17-keto- 
steroids, actually leads to reduction of the ketone group on carbon-17. 
Marrian & Bauld (155) have published a review of the work on the hydroly- 
sis of conjugated estrogens in human urine. Several workers have reported 
that, unlike the 17-ketosteroids, the amount of reducing or formaldehyde- 
forming steroids released after glucuronidase incubation was several fold 
greater than by acid treatment alone. Cohen (156) studied the conditions 
under which the maximum amount of steroid was released from pregnanediol 
glucuronide, estriol glucuronide, and several samples of urine. Maximum re- 
coveries were obtained by incubating with 2,000 to 5,000 units of spleen glu- 
curonidase per 25 ml. of urine for 2 to 4 days at 37°C. with acetate buffer, 
pH 5.0 Under these circumstances only 30 to 60 per cent of the 17-keto- 
steroids set free by strong acid was released. The formaldehydogenic material 
set free, however, was 12 to 27 times that found after acid treatment. When 
cortisone was administered to a patient, the glucuronidase-released material 
was increased twice as much as that released by acid treatment. This is ad- 
vanced by the author as evidence that the material is actually related to 
adrenal steroids. He did not isolate the product representing the increase. 

Venning (157) also found that glucuronidase released much more for- 
maldehydogenic material than did hydrolysis at pH 1. There was also an 
increase in the biological activity but this was not so large. 
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Marrian & co-workers have continued investigations on the conjugated 
adrenocortical steroids in human urine. The chloroform-soluble conjugate 
was hydrolyzed in 3 hr. at pH 3 to 4 and room temperature, but was not 
split by 8-glucuronidase (158). The chloroform-insoluble conjugates, how- 
ever, were readily split by the enzyme. The yield of formaldehydogenic 
steroid was about 10 times that obtained by acid hydrolysis at pH 1 for 
24 hr. (159), confirming the work of others. 

Kinsella et al. (160), who were among the first to report the marked in- 
crease in formaldehydogenic compounds after incubation of urine with glu- 
curonidase, found that the increase was greater than that of the reducing 
power of the fraction. They attempted to isolate the compounds set free. On 
paper chromatograms, large amounts of two components were found which 
moved more slowly than compounds E or F, did not have an absorption 
maximum in the region of 240 my, but gave derivatives having a maximum 
at 410 my when treated with the phenylhydrazine reagent of Porter & 
Silber (161). The only substance which showed similar properties was com- 
pound G of Kendall. It is thought, therefore, that these may be the tetra- 
hydrocortisone-like compounds which have been isolated from human urine, 
and that they are a quantitatively important fraction of urinary corticoids. 

Methods of estimation.—Various improvements in cholesterol techniques 
have appeared. Sperry (162) has revised the Schoenheimer-Sperry method, 
particularly with regard to the precipitation with digitonin. A modified digi- 
tonin reagent also was introduced by Pentz & McArthur (163). Sobel et al. 
(164) have an improved reagent for the estimation of cholesterol as the 
pyridinium cholesteryl sulfate. Fusion analysis for the identification of nat- 
ural sterols has been examined by Gilpin (165). Only minute amounts are 
necessary, and several give characteristic patterns. 

Two new methods based on the reducing properties of the adrenocortical 
steroids have been published. One uses a modified Hagedorn-Jensen pro- 
cedure (166), and the other utilizes reduction of phosphomolybdic acid 
(167). Chen & Tewell (168) have studied further the use of blue tetrazolium 
BT. Only corticosteroids with the a-ketol side chain caused significant re- 
duction. Experience, however, seems to indicate that reduction methods are 
less specific than those based on formaldehyde formation. 

An important improvement in the micro estimation of formaldehyde has 
been introduced by Hollander et al. (169). After periodic acid oxidation, 
they have substituted diffusion into chromotropic acid in a Conway cell for 
distillation. By using 15 M sulfuric acid as the solvent for the chromotropic 
acid, water as well as formaldehyde diffuses, and the aldehyde hydrate is 
thereby broken down. Interfering colors caused by heating during distilla- 
tion are avoided. Recoveries of cortisone or 17-hydroxycorticosterone added 
to urine were no better than in the distillation method, however, when the 
usual extraction procedures were used. When the ketonic fraction was iso- 
lated by means of Girard’s reagent, recoveries were better than 90 per cent. 
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Mason (170) has pointed out that the assumption, made by some workers, 
that the 17-hydroxycorticoids will yield more than one mole of formalde- 
hyde per mole of steroid is erroneous; the ratio is 1:1 as in other a-ketols. 

Carroll et al. (171) have applied the Porter-Silber reaction (161) to the 
determination of cortical steroids in urine. The color is specific for a,a’- 
dihydroxyketones. Levels found in properly prepared lipid extracts are 
much lower than with the methods already discussed. 

Perhaps the situation regarding the determination of urinary adreno- 
cortical steroids is best summed up by Marrian (172). In a discussion of dif- 
ferent methods of hydrolysis and extraction he states that 


no one procedure gives all of the material which is formaldehydogenic or reducing. 
Besides there is good evidence that substances which have neither of these properties 
originate from metabolism of adrenal hormones. Therefore present methods are not 
significant. 


The influence of various components of pathological urines on the de- 
termination of 17-ketosteroids by the Holtorff-Koch procedure was investi- 
gated by Beher & Gaebler (173). Protein and bile acids were the only sub- 
stances tested which interfered. The effect of different conditions of storage 
and hydrolysis was also studied. To the various modifications of the Zimmer- 
mann-Callow determination which have been designed to reduce the volume 
and time of the analysis, Vestergaard (174) has added a procedure which re- 
quires only 2 ml. of urine and can be carried out in test tubes with relative 
rapidity. Butt (175) estimates 17-ketosteroids by polarographic measure- 
ment of the Girard T hydrazones. Rossi & Giaquinto (176) have described 
a colorimetric reaction for testosterone which they claim to be quite specific. 
The steroid is dissolved in sulfuric acid, and sodium nitroprusside is added 
to produce a blue-green color. Chen (177) has measured minute amounts of 
hydroxysteroids by fluorometric determination of the complex formed with 
7-methoxycumarin-3-carboxyl chloride and pyridine in benzene. As little 
as 0.05 ug. of cholesterol, compound S, or testosterone could be determined 
quantitatively. 

After perfecting their chromatographic procedure, Butt et al. (136) have 
applied their polarographic technique to the determination of progesterone 
in blood. Salhanick et al. (180) have pointed out that minute amounts of es- 
tradiol-17a@ inhibit the response to progesterone in the Hooker-Forbes bio- 
logical assay. 

Teague & Brown (181) determine diethylstilbestrol by means of its reac- 
tion with antimony pentachloride. Modifications for analysis in urine, blood, 
and tissues are described. The various sulfonic acid reactions for the deter- 
mination of estrogens have been compared by Oberste-Lehn (182), and a 
method was developed for the quantitative analysis of a few micrograms of 
estrogen added to 6 ml. of serum. This, however, is still far above the 
amounts in all but pregnancy blood. 
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Cholesterol.—Since both cholesterol and acetate are precursors of steroid 
molecules related to the hormones, the synthesis of cholesterol should give 
a clue to the origin of the other steroids. By the end of 1950, a number of 
small molecules had been shown to enter into the formation of cholesterol, 
most of them probably via acetate, but acetoacetate and the isopropy! group 
of isovalerate were not split to acetate before incorporation. 

Zabin & Bloch have studied the incorporation of doubly labeled butyrate 
into the cholesterol molecule (183) and have investigated the incorporation 
of isovalerate carbon further by use of double labeling (184). The B-carbon 
of the labeled butyric acid appeared more frequently than the carboxyl 
carbon, indicating that the two pairs of carbons were not in equilibrium with 
the same two-carbon compound. Furthermore, the acetoacetate which was 
isolated also contained more 8-labeled carbon. When isovaleric acid with 
dual labeling was used, there was also evidence that the isopropyl] portion of 
the molecule was utilized more than the carboxy] carbon, or was diluted less. 
When isovaleric acid was given with labeled carbonate, there was much 
more carbonate carbon incorporated in the fatty acids, and particularly in 
the cholesterol. It was assumed that this was utilized to carboxylate the iso- 
propyl group to acetoacetate. Plaut & Lardy (185) confirmed the incorpora- 
tion of CO, into acetoacetate formed from isovalerate and found that the 
order of magnitude of the incorporation was consistent with the conversion 
of the isopropy! group to acetoacetate by stoichiometric fixation. Kritchevsky 
& Gray (186) found that the methyl groups of isobutyric acid were readily 
incorporated into cholesterol in vivo, probably by the same mechanisms as 
the isopropyl group of isovaleric acid. Thus, an acetoacetate type of unit 
would be the common intermediate between butyric, isobutyric and iso- 
valeric acids, and cholesterol. 

The incorporation of the carbonyl carbon of acetoacetate into cholesterol 
without conversion to acetate was confirmed by Curran (187). When 3-C*- 
acetoacetate was incubated with rat liver slices in the presence of various 
amounts of unlabeled acetate, there was some dilution from the acetate, but 
there was no proportionality. Brady & Gurin (188) also used rat liver slices 
to study the incorporation of various substrates into the cholesterol molecule. 
They too found that the distribution after labeled acetoacetate could not be 
explained on formation of two carbon fragments. However, acetate was in- 
corporated more readily into the steroid molecule than acetoacetate, and 
acetaldehyde was converted most readily. The methyl groups of isovaleric 
acid were not incorporated more readily than acetate, as reported by Little & 
Bloch (189) in feeding experiments. 

Since the building of the cholesterol molecule, in the liver at least, seems 
to involve the utilization of units larger than the two carbon fragments, pos- 
sible mechanisms have been considered. Miescher & Wieland (190) suggest 
possible combination of three butadiene and three isoprene units, or six 
butadiene plus three single carbon units. Their system, while satisfying the 
requirement demonstrated by Bloch that almost all of the carbons of choles- 
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terol can ultimately come from acetate, is difficult to fit with Bloch’s data 
(191) on the distribution of carboxyl and methyl carbons of acetate in the 
nucleus and side chain. Bloch himself has called attention to the suggestion, 
originally made by Channon (192), that the isoprenoid hydrocarbon, squa- 
lene, by appropriate folding and formation of cross linkages, could yield the 
carbon skeleton of cholesterol. If the synthesis of isoprene from acetoacetate 
and acetate originally advanced by Bonner & Arreguin (193) is accepted, 
the locations of methyl and carboxyl carbons would agree with experiment 
in those few positions which have been established. It would also give the 
proportion of methyl and carboxyl carbons in the nucleus and in the side 
chain which fits the experimental data. These are only speculations which, 
however, can be guides to more definitive experiments. 

The synthesis of steroids apparently involves the formation of energy- 
rich activated molecules. Curran & Rittenberg (194) found that when a 
deuterioethanol was incubated with rat liver slices, the deuterium came into 
equilibrium with the water. Since deuterium in the a@-position remains at- 
tached in direct reactions of alcohol, it was considered that an intermediate 
must have been formed which involved activation of carbon-1. Klein (195) 
reports that yeast which was deficient in coenzyme A failed to synthesize 
both ergosterol and other lipids. Since Stadtman e¢ al. (196) have shown that 
both two-carbon units must be activated in the formation of a molecule of 
acetoacetate by liver, probably through the formation of two acetyl-co- 
enzyme A units, it seems that such activation may be involved in the synthe- 
sis of steroids in mammals. 

While the work of Siperstein et al. (197) has shown that even the wall of 
the artery can synthesize cholesterol, the various sources are not necessarily 
in equilibrium with the general pool. Evidence has been advanced by Gould 
et al. (198), using labeled acetate in intact and hepatectomized dogs, that the 
liver is the primary source of plasma cholesterol. This is supported by 
Friedman and co-workers (199, 200) who followed the restoration of choles- 
terol after plasmaphoresis in partially hepatectomized and in intact dogs. 

Steroid hormones.—The decrease in cholesterol content of the adrenal 
cortex which follows injection of adrenocorticotrophic hormone (ACTH) 
has led to the hypothesis that this sterol is the precursor of the steroid hor- 
mones; particularly, since similar though less striking changes have been ob- 
served in the interstitial cells of both ovaries and testes under conditions of 
stimulation. The conversion of either acetate or cholesterol to adrenal hor- 
mones has now been established. Vestling & Lata (201) incubated homo- 
genates of guinea pig adrenals in oxygen. Cholesterol decreased 33 per cent, 
while a compound was formed which behaved like 17-hydroxycorticosterone 
on the Zaffaroni chromatogram. Haines et al. (202) incubated C"-acetate 
with adrenal slices and obtained radioactive 17-hydroxycorticosterone. 
Zaffaroni et al. (203) perfused adrenal glands with solutions containing either 
isotopic acetate or isotopic cholesterol and found in both cases that the ad- 
renal hormones isolated contained isotope. 

Zaffaroni and co-workers conclude, however, that cholesterol is not a 
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direct intermediate between acetate and the hormones. When labeled ace- 
tate was added to blood perfused through adrenal glands, the 17-hydroxy- 
corticosterone and corticosterone which were isolated each had an isotope 
content six-fold greater than the adrenal free cholesterol. This, in turn, was 
higher than the blood cholesterol or the adrenal combined cholesterol. When, 
however, C!-cholesterol was added to the perfusate, the activity of the hor- 
mones was only 40 per cent of that of the free cholesterol in the glands. 
Again, the blood and adrenal combined cholesterols were still less active. 
The most probable explanation of these results seems to be that there is a 
precursor of the hormones which is common to both acetate and cholesterol. 

Brady (204) incubated testis slices with C'*-acetate and found that radio- 
activity accompanied carrier testosterone during purification. Cholesterol 
isolated from the incubation mixture also was active, but not so much as the 
testosterone found. A most important observation was that addition of 
chorionic gonadotrophin to the incubation flasks increased the incorporation 
of acetate into testosterone approximately ten-fold but did not affect the 
activity of the cholesterol. The authors consider this suggestive evidence 
that cholesterol is not a necessary intermediate between acetate and testos- 
terone. 

Whether or not the formation of the steroid hormones necessarily in- 
volves the synthesis of cholesterol itself, the active substances apparently 
are formed by oxidation of a A5-38-hydroxysteroid molecule. Samuels et al. 
(205) showed that corpus luteum, interstitial cells of the testis, adrenal cor- 
tex, and placenta all contain an enzyme which will oxidize A*-38-hydroxy- 
Cy or Cu steroids to a,8 unsaturated ketones. A large number of other tis- 
sues was examined, including the liver and kidney which play such important 
roles in steroid inactivation, but no activity was found. The ovarian follicle 
does not contain this type of enzyme. The system requires diphosphopyri- 
dine nucleotide as hydrogen acceptor; a wide range of other possible ac- 
ceptors was examined but none was effective (206). 

Further work has been done on the oxidation in the adrenal gland of the 
11, 17, and 21 positions. Hayano et al. (207) have fractionated beef adrenal 
homogenates and found that the enzyme system which converts desoxy- 
corticosterone to glycogenic compounds is found in the material which sedi- 
ments at 5,000 g but not at 1,500 g. This would implicate the mitochondria. 
Fumarate, Mg ions, and adenosinetriphosphate (ATP) were all necessary 
for maximum activity. Since the reaction product was identified by biologi- 
cal assay only, there is no assurance that a single reaction was measured. 

Sweat (208) has studied an enzyme system which converts 17-hydroxy- 
11-desoxycorticosterone into 17-hydroxycorticosterone. Routine measure- 
ments were made by a sulfuric acid color reaction, but in one series the prod- 
uct was isolated and identified chemically. This enzyme was also in the mito- 
chondria fraction. Fumarate was necessary and the enzyme was partially 
inhibited by reagents complexing with polyvalent metals; ATP, however, 
did not enhance the rate of conversion. The enzyme was undoubtedly a 
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component of the preparations of Hayano et al. (207). Kahnt & Wettstein 
(209) studied the 11-oxidation in adrenal homogenates, using chemical cri- 
teria. They found that a number of Krebs cycle acids increased activity, 
and thought that both codehydrases and the cyclophorase system were in- 
volved. Homogenates of liver and kidney had some effect, but those of heart 
and brain were inactive. 


SECRETION OF STEROID HORMONES 


The immediate action of the regulatory hormones of the pituitary gland 
appears to be neither on the synthesis of cellular protein nor on release of 
the preformed steroids; instead, they seem to catalyze certain enzymic reac- 
tions involved in the early steps of hormone synthesis. Hechter et al. (210) 
found active oxidation of carbons 3, 11, 17, or 21 of pregnenolone in the ab- 
sence of ACTH; there was little action, however, when blood was perfused 
without addition of pregnenolone or more oxidized intermediates unless the 
pituitary hormone was included. Brady (204), as already mentioned, found 
a much more rapid incorporation of acetate into testosterone by testis slices 
when chorionic gonadotrophin was added to the incubation medium. On the 
other hand, Samuels e¢ al. (206) found no direct influence on the activity of 
the enzyme in testicular tissue which oxidizes 3-hydroxysteroids to 3-keto- 
steroids. The influence of the pituitary hormones may be on the formation 
of the hypothetical precursor previously mentioned. 

Adrenal glands.—Several papers have contributed to our knowledge of 
the steroids secreted by the adrenal gland. Zaffaroni & Burton (86) found 
12 a-ketols in a commercial adrenal extract, four of which have not been 
identified. Baker et al. (211) describe a simplified method for obtaining 17- 
hydroxycorticosterone and cortisone from adrenal glands. Pincus et al. (212) 
report that three of the ten unknown compounds found in adrenal perfusates 
are probably allopregnane derivatives. 

Pickford & Vogt (213) found that complete hypophysectomy in the dog 
did not eliminate secretion of hormone into the adrenal venous blood as 
measured by the cold protection test. There was no difference in the output 
from an isolated perfused gland when the blood of hypophysectomized dogs 
was substituted for that from normal animals provided stress was avoided 
when the blood was drawn (214). ACTH, ATP, creatine phosphate, or po- 
tassium added to the perfused blood increased the secretion of cold-protecting 
hormones, but addition of a number of other substances did not. 

According to Bush (215), unknown compounds which appear to be more 
polar then 17-hydroxycorticosterone often make up the greater portion of 
the steroids in the adrenal vein blood of dogs. 

Conn et al. (216) advanced indirect evidence that 17-hydroxycortico- 
sterone was the hormone produced after ACTH administration. Nelson has 
found that a compound resembling this steroid when chromatographed on 
paper is increased in the peripheral blood after such stimulation. He and his 
co-workers (217), using their modification of the Porter-Silber reaction for 
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17-hydroxycorticosteroids, found that the level of these steroids in the pe- 
ripheral blood of normal humans was 3 to 10 ug. per 100 ml. of blood. In 
Addison’s disease, the levels were too low for measurement. The material 
was apparently almost entirely in the plasma. There was no evidence of sig- 
nificant conjugation since incubation with glucuronidase or treatment with 
acid at room temperature did not increase the recovery. Either administra- 
tion of ACTH or severe stress raised the levels. Values as high as 50 ug. per 
100 ml. were found in terminal cases. Indirect evidence of excessive function 
of the adrenal cortex with approaching death has also been introduced by 
Jennings (218). Paschkis et al. (219), using a glycogen deposition assay, re- 
ported levels in peripheral blood somewhat higher than those of Nelson, but 
the probable error was large because of the limits of the assay method. They 
also observed increases after ACTH and stress. 

Some light has been shed on the vexing question of the origin of the an- 
drogenic compounds in the urine which are related to adrenal function. 
Gassner et al. (220) have isolated a fraction from the lipid extract of cow ad- 
renal vein blood after injection of ACTH which had an absorption maximum 
at 240 my, gave a positive reaction for 17-ketosteroids by the Zimmermann 
reaction, and was androgenic by the comb growth test. Whether all of these 
characteristics are due to one compound was not determined. It would ap- 
pear that the bovine adrenal does secrete androgenic substances into the 
blood and that this rate of secretion is increased by ACTH. Wilkins et al. 
(221) have demonstrated that the excessive secretion of androgenic sub- 
stances in adrenal hyperplasia associated with virilism can be depressed by 
the administration of cortisone. 

Testes.—The work of Brady (204) indicates that testosterone is probably 
the androgenic testicular hormone in three additional species, rabbits, hogs, 
and humans, but not in rats. Dirscherl & Knitichel (222) used a colorimetric 
reaction which they claim to be specific for dehydroepiandrosterone and the 
two products formed from it by heating with acid: i-androsten-6-ol-17-one 
and A*-androstadien-17-one, and they found the equivalent of about 5 mg. 
per 100 ml. in human and bull sperm. None was present in the fluid. How 
such a steroid comes to be in the sperm and what role it plays is unknown. 
The estrogen formed in the human testis appears to be estradiol (223), and 
the Leydig cells may be the source of the hormone (224). 

Placenta.—The question as to whether the progestational hormone pro- 
duced by the placenta is progesterone is still undecided. Pearlman & Cerceo 
(225) were unable to isolate any from extracts of 836 kg. of human placental 
tissue, although they did obtain a small amount of crystalline material hav- 
ing ultraviolet absorption at 236 mu. The melting point, however, was 209° 
to 211°C. (progesterone, 128°). Allopregnan-38-ol-20-one and pregnane-3a, 
20a-diol were also isolated. Butt et al. (136) found small amounts of proges- 
terone in two of five samples of human placental blood obtained from the um- 
bilical cord, but could not identify any in peripheral blood during pregnancy. 
Forbes (226), using a bioassay method, found variable levels of blood pro- 
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gestin during pregnancy in women and monkeys which were within the 
range of those of normal menstrual cycles. There was no relation to the well- 
established rise in pregnanediol excretion. 

Ovaries ——No work of significance has appeared dealing with secretion of 
the ovaries. Information has been obtained, however, on changes which can 
occur during transport of estrogens in the blood. Bischoff et al. (227) re- 
ported that the biological activity of estrone incubated with human or rab- 
bit blood cells was increased as much as 400 per cent when measured by the 
uterine weight assay. Estradiol and estriol were not affected. These workers 
also report that human serum, like rabbit serum, hydrolyzes esters of the 
phenolic steroids (228) and that the distribution ratio of various estrogens 
and their esters between cells and serum varies widely (229). Werthessen 
et al. (230) claim that the average ability of the blood of cancerous women to 
destroy the 17-ketosteroid reaction of estrone is significantly greater than 
that of normal postmenopausal women. 


CATABOLISM OF THE STEROIDS 


Cholesterol——A general review of microbial oxidation of steroids has been 
published by Arnaudi (231). Van Bruggen et al. (232) fed labeled cholesterol 
to rats and found that all tissues contained labeled steroids. Five per cent 
of the activity was found in the fatty acids and some was even found in the 
liver glycogen. The significance of this in tissue metabolism is doubtful in 
view of the results of Marx & Wainfan (233). They found that 15 per cent 
of the cholesterol fed to mice could not be recovered under ordinary condi- 
tions but when intestinal antibiotics were also given, the sterol was all pres- 
ent, within the limits of the method. 

Cortical steroids—Dobriner (234) has given a summary of the work of 
the Sloan-Kettering group on the steroids excreted after administration of 
cortisone and after ACTH. Following cortisone, the increases were all in the 
11-oxygenated steroids, including the reduction products of cortisone and 
17-hydroxycorticosterone with the 3a-hydroxy saturated ring A (so-called 
tetrahydro E and tetrahydro F). Burton and co-workers (235) also found 
increased excretion of two more polar, probably 3-hydroxy, compounds as 
well as both cortisone and F, after administration of cortisone to two pa- 
tients with Addison’s disease who excreted only trace amounts during the 
control period. The reduction, therefore, seems to be extra-adrenal. 

The increased excretion of androsterone and etiocholanolone which fol- 
lows ACTH is not due entirely to excretion of Cig compounds by the adrenal. 
Fukushima et al. (236) found these products contained isotope after deu- 
terio-17a-hydroxyprogesterone was injected into a man. 

The role of the various tissues in the metabolism of the adrenal hormones 
is still confused. Nelson and co-workers (217) compared arterial and venous 
levels of 17-hydroxycorticoids across the arms or legs of normal subjects and 
across those of patients suffering with severe rheumatoid arthritis or exten- 
sive cellulitis. No measurable differences in level were found. From the levels 
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found in the adrenal veins of dogs and the renal veins of humans, the total 
turnover per day, however, must be large. When cortisone was injected, it 
was rapidly removed from the circulation (237). 

Paschkis et al. (238) incubated cortisone with various tissues and as- 
sayed the remaining hormone by the mouse glycogen-deposition method. 
They found that tissues such as muscle and brain were just as effective as 
liver in inactivating the hormone; all destroyed 15 to 35 per cent of the ac- 
tivity. Stress seemed to make no difference. Schneider & Horstmann (239) 
on the other hand, using desoxycorticosterone as substrate, found that liver 
was much the most active tissue, with kidney next. Other tissues had little 
effect. They isolated allopregnane-38,21-diol-20-one from a large scale in- 
cubation with liver slices. Butt et al. (240) found that less administered corti- 
sone was converted to 17-ketosteroids in two patients with hepatic disease 
than in patients without liver damage. It seems probable that the liver plays 
the major role in altering chemically the cortical hormones. 

Androgens.—Ungar et al. (241) injected intramuscularly large amounts 
of three compounds possibly related to the metabolism of testosterone and 
isolated the products from the urine. When 17a-testosterone was injected, 
there was little effect on 17-ketosteroid excretion; the only steroid recovered 
was a small amount of the original substance. After androstane-36,178-diol, 
the increase in 17-ketosteroid excretion equaled about 10 per cent of the in- 
jected material. Epiandrosterone and androsterone were isolated. Injection 
of etiocholan-178-ol-3-one led to an increase in 17-ketosteroids of about 
13 per cent per day and the isolation of etiocholane-3a,178-diol and etio- 
cholan-3a-ol-17-one. Possible routes for the metabolism of these last two 
compounds were considered. West et al. (242) isolated androsterone, etio- 
cholan-3a@-ol-17-one, and a small amount of etiocholane-3a,178-diol from the 
urine of a normal man who had received a large dose of testosterone intra- 
venously; no 38-hydroxysteroids were found. The two 17-ketones were pres- 
ent as the glucuronides. Fukushima e¢ al. (236), using deuterium-labeled tes- 
tosterone in humans, did not find any isotope in the 38-hydroxy fraction. 
Apparently the reduction of the 3-ketone is sterically directed. 

When Gallagher et al. (243) injected testosterone containing C™ into rats 
and mice, almost all of the isotope appeared within a short time in the in- 
testinal tract. The bile seems to be the excretory pathway of choice in these 
species. 

Recent work has continued to emphasize the role of the liver in the metab- 
olism of the androgenic steroids. West & Samuels (244) investigated the 
enzymic action of kidney tissue on testosterone and related steroids. There 
was some oxidation of the 17-hydroxy group in all species, but the activity 
was much less than in liver tissue. The enzyme resembled that in the liver 
since diphosphopyridine nucleotide (DPN) served as cofactor. Only dog 
kidney had significant action on the a,8 unsaturated ketone group. West 
(245) also studied the metabolism of testosterone dissolved in serum albumin 
solution and injected intravenously into rabbits and rats. The hormone 
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level in the blood fell rapidly during the first few minutes; thereafter it fell 
at a slower logarithmic rate. Hepatectomy reduced the rate of fall, particu- 
larly during the second phase, but nephrectomy in addition had little further 
influence. 

Several workers, using patients suffering with liver disease, have at- 
tempted to determine the degree of interference and the reaction most af- 
fected. West et al. (246) injected large amounts of testosterone dissolved in 
serum albumin into normal persons and patients with various degrees of 
liver damage. Even mild liver involvement lowered the proportion of ad- 
ministered testosterone excreted as 17-ketosteroids. From comparison of 
the blood levels of 17-ketosteroids and testosterone they concluded that the 
major interference was with the conversion of some intermediate into 17- 
ketosteroids. Cantarow et al. (247), however, measuring excretion after in- 
jection of a large dose of testosterone propionate intramuscularly, concluded 
that the greatest effect was in conjugation. Engstrom ef al. (248), using 
smaller doses of testosterone propionate intramuscularly, did not find any 
significant difference. It seems that the degree to which hepatic disease in- 
fluences testosterone metabolism depends on the concentration of hormone 
in the circulating fluids achieved by the method of administration. 

West et al. (249) pointed out that the large excretion of 17-ketosteroids 
after intravenous injection came before the effect on nitrogen balance had 
reached its peak and disappeared while the nitrogen balance was still 
strongly positive. It was only after five to eight days that another small in- 
crease in 17-ketosteroid excretion occurred; this coincided with the disap- 
pearance of the positive nitrogen balance. They concluded that the early 
increase represented the removal of excess hormone by the hepatic enzymes 
and only the later minor rise represented hormone which, penetrating cells, 
had metabolic effects associated with androgens. 

Progesterone-—Ungar et al. (250) injected large amounts of progesterone 
and some of its possible metabolites into women and isolated products ex- 
creted in the urine. Various reduction products were obtained of both the 
allopregnan and pregnan series. In all cases, the major portion of the in- 
jected material was unaccounted for. 

Butt et al. (136) injected rats intravenously with large doses of proges- 
terone and analyzed the blood for the hormone at intervals thereafter. In 
5 min., over 95 per cent of the injected dose had been removed from the cir- 
culation. Wiswell (251) has shown that liver tissue im vitro will cause the 
disappearance of the a,8 unsaturated ketone system. The tricarboxylic acids 
increased activity, but not DPN or other adeninephosphates. Paschkis et al. 
(252) injected progesterone into patients suffering with liver disease and 
found a high proportion excreted as pregnanediol. They conclude that liver 
damage impairs pregnanediol metabolism more than its formation. 

Riegel and co-workers (253) injected mice and rats with 21-C-proges- 
terone. Most of the radioactivity was in the feces in a ketonic, nonalcoholic 
neutral steroid which was not progesterone. Small amounts appeared in the 
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expired carbon dioxide. The highest concentration of any tissue was in the 
pituitary gland, while that in the uterus was very low. Gallagher et al. (243) 
confirm the presence of isotope in the expired air, as well as the major excre- 
tion in the gut. Apparently a large proportion of the hormone underwent 
oxidative metaboiism in these species, including splitting off the side chain. 
When the bile duct was ligated, isotope from progesterone appeared in the 
urine (254). 

Forbes et al. (255) found that the concentration of material giving their 
progestational reaction was much lower in the renal vein than in the artery 
of monkeys and rabbits. On this basis, renal clearance would be large. The 
material, however, was not excreted in biologically active form. 

Estrogens.—Little additional information has been added to our knowl- 
edge of estrogen metabolism by im vitro studies during the period since the 
last review. Guidry, Segaloff & Altschul (256) studied the effect of estrogens 
on the respiration of liver tissue and found that they inhibited the oxidation 
of substrates which require either of the phosphopyridine nucleotides for 
their metabolism. Since they had earlier demonstrated the importance of 
DPN in estrogen metabolism (257), this appears to be a competition for 
available cofactor. Werthessen e¢ al. (258) studied the effect of perfusion on 
estrone. The 17-ketone group was destroyed by the blood irrespective of the 
presence of an organ in the system. The reverse change was shown to occur 
in the presence of liver tissue by Ledogar & Jones (259). 

The importance of species differences is emphasized in the work on estro- 
gen metabolism in intact animals. Van Wagenen & Gardner (260) implanted 
ovaries in the spleens of spayed monkeys, and the animals continued to show 
normal uterine cycles. Apparently the monkey liver does not inactivate es- 
trogens to the same extent as that of rodents. 

The work with labeled estrogens has been confined to rodents. When 
17-C*-methylestradiol was given by stomach tube to rats with bile fistulas, 
Bocklage et al. (261) recovered 70 per cent of the radioactivity in the bile 
during the first two days. When the bile duct was ligated, the activity ap- 
peared in the urine at a slower rate. Hanahan and co-workers (262) found 
an even more rapid excretion of injected C™-diethylstilbestrol into the bile. 
This was also confirmed by Twombly & Schoenewaldt (263). There was no 
selective absorption in the uterus, pituitary, or breast that could be dis- 
tinguished at the doses used. 

While the work with the radioactive estrogens has demonstrated the im- 
portance of biliary excretion in the rodent, the studies of Stimmel (264) in 
patients with drainage tubes in the bile duct indicate that this route is not 
the major one in man. This difference is analogous to that found for testos- 
terone by Gallagher (243). 

Both Lewison e¢ al. (265), using sodium estrone S**-sulfate in humans, 
and Rakoff & Gross (266) using ordinary potassium estrone sulfate in hu- 
mans and in castrated mice, found that the esters are very quickly split. The 
blood was rapidly cleared of the estrogen. 
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EXCRETION STUDIES 


The various methods for the measurement of steroid types in urine have 
now been widely applied throughout the world. The Zimmermann reaction 
for 17-ketosteroids, after 14 years of use, still seems to be the most reliable 
indicator of abnormal steroid physiology in the human being. The earlier ex- 
pectations of greater clinical significance held for the methods which pre- 
sumably measured metabolically active adrenal steroids have not been 
borne out. Chemical methods for estrogens are not reliable except after elab- 
orate isolation procedures. Measurements of ‘‘pregnanediol” appear to be 
sufficiently consistent to have quantitative significance in human physiology, 
even though it is now clear that the determination as ordinarily made in- 
cludes at least two other compounds besides pregnane-3a,20a-diol. 

17-Ketosteroids—Two groups of workers have attempted to use the 
measurement of 17-ketosteroids in rat urine as a means of following hormonal 
changes in this species. In view of the evidence from isotope experiments 
that in rodents steroids are largely excreted via the bile, and because other 
ketonic substances form colored compounds with the Zimmermann reagent, 
the chemical nature of the products estimated can be questioned. Kowalew- 
ski et al. (267) have used the method previously reported by them (268) to 
estimate the functional activity of the rat adrenal. They report that after 
hypophysectomy the levels fell from 190 ug. per 24 hr. to values too low to 
measure; on administration of 1.5 mg. ACTH, they rose to an average of 
50 ug. per 24 hr. Their data indicate better consistency than with eosinophil 
counts. They were also able to demonstrate the effect of thyroid depression 
although the differences were not so great (269). Danford & Danford (270) 
find similar values at similar ages in normal rats and report significant varia- 
tion on a sodium chloride-deficient diet. According to their paper, measure- 
ments were made at only one wave length, however, and there was no evi- 
dence that this was a valid measure of 17-ketosteroids. 

Glenn & Heftmann (271) found that the ketonic material in dog urine 
which reacted with the Zimmermann reagent did not give the spectral curve 
characteristic of 17-ketosteroids. The amounts were less than 1 mg. per day 
and did not increase on administration of ACTH. This is consistent with 
previous work indicating that in this species the bile is the route of choice 
for the excretion of steroids. 

Considerable attention has been given to the effect of old age. In the stud- 
ies of Schou (272) values for each of a group of men followed over a period 
of 10 years were compared with assembled values for each age group. The 
age range was from 39 to 63 years. There did not seem to be a greater con- 
sistency in individual trends than when different subjects were used at the 
different ages. The course of the 17-ketosteroid levels was gradually down- 
ward with perhaps a more rapid drop after 60 years. Kowalewski (273) 
found the downward trend in both men and women after 40 years of age. The 
values of McGavack (274) show the same tendency. Heller & Shipley (275), 
in a series of elderly men and women selected on the basis of good health 
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and activity, also found low 17-ketosteroid excretion but no significant dif- 
ference between those in the seventh and ninth decades. 

The Italian workers have published a number of papers on 17-keto- 
steroid excretion. Ceresa & Rubino (276 to 279) have studied male hypo- 
gonadism at different ages. They recommend a “‘stimulus test”’ based on the 
increased excretion of 17-ketosteroids after injection of a large dose of gona- 
dotrophin as an effective way of distinguishing primary from secondary hy- 
pogonadism. The latter gives a positive response and will react favorably to 
gonadotrophin therapy. Butt et al. (280) used the polarographic method of 
estimating 17-ketosteroids and found it of diagnostic value in Addison’s 
disease, Simmond’s disease, and adrenal virilism, but of no value in a num- 
ber of other endocrine dysfunctions. 

Biget (281) found that exposure to a simulated altitude of 8,000 m. for 
3 hr. led to significant increases in 17-ketosteroid excretion; at 1,500 m. no 
difference was observed (282). Landau ef al. (283) studied the effect of ad- 
renal stimulation with ACTH on the excretion of dehydroepiandrosterone; 
this compound accounted for the major portion of the increased output of 
ketosteroids. 

Adrenocortical steroids —The discussion of methods has indicated the 
confusion that exists in the determination of substances supposedly related 
to the metabolic hormones of the adrenals. The complexity of the problem 
is illustrated by the number of these compounds which have been isolated 
from the urine of normal males by Schneider (284) and from normal and 
abnormal urines by Dobriner et al. (234) and by Lieberman et al. (285). 

The discovery that much more formaldehydogenic material was released 
after incubation with B-glucuronidase than by acid hydrolysis at room tem- 
perature (156 to 160) has also clouded the issue. Daughaday et al. (286) 
found that the total formaldehydogenic material after glucuronidase was 
more poorly correlated with the clinical condition than that obtained by the 
weak acid procedure. In two out of four cases of Addison’s disease, the 
amount was as high as that obtained in Cushing’s syndrome. On the other 
hand, Venning (157) finds that there is a marked increase in the deposition 
of glycogen in the mouse liver from urine extracts after incubation with the 
enzyme, and Cohen (156) found that the glucuronidate fraction increased 
after administration of cortisone. The problem must await further clarifica- 
tion. 

Talbot et al. (287) have analyzed the results on 1,400 measurements made 
by their reducing method without glucuronidase treatment. They find that 
the output of healthy unstressed persons per square meter of body surface 
is essentially the same at all ages. They conclude that the determination is 
“ta reasonably reliable index of adrenal cortex hormone production.” King & 
Mason (288) and Norval & King (289) have analyzed the results of determi- 
nation of formaldehydogenic steroids without glucuronidase treatment and 
find a simple linear relation between excretion and weight. Like Talbot, 
they find no significant effect of age when the data are corrected for size. 
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Burton et al. (134) have studied the cortical steroids in 72-hr.specimens of 
12 normal persons. All excreted both 17-hydroxycorticosterone and corti- 
sone in about equal amounts. The levels were 15 to 40 yg. of each per day. 
None of the specimens contained 11-desoxycorticosterone. Sailer & Verzar 
(282) used the density of the stained spots on the paper chromatogram of 
Zaffaroni et al. (133) to estimate the amounts of C10; and CaO, steroids in 
human urine. They report 20 to 40 ug. per day of the former and less than 
10 wg. per day of the latter in normal people; severe muscular work doubled 
the levels of the C10; compounds. 

While the development of more specific methods, such as the use of the 
paper chromatogram and the technique of Carroll et al. (171) may improve 
the significance of urinary analyses, at present it seems that the old Zimmer- 
mann reaction for 17-ketosteroids is still as reliable a method as any for dis- 
tinguishing abnormal adrenal function in human beings. 

Pregnanediol and estrogens.—Little has appeared during the year to add 
significantly to the knowledge of these excretion products. Verly (290) has 
found that pregnanediol appears in the urine of rabbits only when the ovaries 
are present; ACTH does not cause its appearance. It is present so soon after 
injection of chorionic gonadotrophin that it cannot depend on the formation 
of a corpus luteum and is probably caused by the metabolism of something 
in the fluid from the ruptured follicle. The development of a semiquantita- 
tive method for allopregnanediol by Kyle & Marrian (291) has enabled them 
to determine the normal ratio to pregnanediol in pregnancy urine; it is 1:30. 
The allo compound is conjugated. Kaiser (292) did not demonstrate any con- 
sistent drop in pregnanediol excretion preceding birth in 252 normal pregnan- 
cies. Oneson & Cohen (293) have found that the major conjugate of estrone 
in late pregnancy urine is the glucuronidate. 


GENERAL CONCLUSION 


The past year has brought important advances in the understanding of 
steroid hormone synthesis, both cellular and in the laboratory. The im- 
mediate future should witness practical benefits and more detailed funda- 
mental knowledge in this field. Progress in understanding the ultimate fate 
of these hormones, however, has not been great; there is much yet to be done. 

The meaning of the various analytical determinations for steroids in 
urine is now more confused than ever, but the first approach to feasible spe- 
cific blood methods holds promise of ability to evaluate the actual hormonal 
environment of the body. Further development here will add to both clinical 
and physiological knowledge. 
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THE CHEMISTRY OF AMINO ACIDS 
AND PROTEINS! 


By Henry B. Buti 


Biochemistry Department, Northwestern University Medical School, 
Chicago, Illinois 


Protein structure is of great importance for protein chemistry and it is, 
therefore, gratifying that significant progress has been made this past year 
in respect to the folding of peptide chains and the sequence of amino acid 
residues in the peptide chains. It is proposed to reserve as much space at the 
end of the review as is possible for a consideration of these topics. 

Two books on proteins have appeared: one by Haurowitz (1) and the 
other edited by Greenberg (2). Haurowitz has been able to summarize 
protein chemistry in 374 pages in a remarkably complete manner. Green- 
berg’s book is the work of 18 collaborators and provides rather extensive 
coverage of much of protein chemistry. 


AMINO ACIDS 


The presence of free y-aminobutyric acid in brain tissue has been 
confirmed (3) and f$-aminoisobutyric acid has been detected in normal 
human urine (4). Some individuals excrete large quantities of this acid. 
p-Amino acids continue to be reported in bacteria (5). 

Physical properties—The second ionization constant of glycine in 
sodium chloride solutions (6) and the ionization constants of B-alanine in 
water and in aqueous isopropyl! alcohol (7), have been determined by elec- 
trometric methods. By cryoscopic means O’Brien & Niemann (8) found 
that the doubly charged cation RCHNH;*tCO,H;* occurs to the extent of 
about 20 to 30 per cent with a-amino acids dissolved in 100 per cent sulfuric 
acid. The amount of the doubly charged cation, however, increases in a 
uniform manner as the distance between the polar groups increases. Monk 
(9) evaluated the dissociation constants of the metal complexes of glycine, 
alanine, and glycylglycine. He found that Zn, Ni, and Co form two complexes 
MR* and MRz, whereas Mn, Mg, and Ca form only MRt. Hughes, Williams 
& Young (10) proposed a differential vapor-pressure method for two solutions 
of an amino acid in the presence of different amounts of the solid phase as a 
test of purity. The solubility of amino acids was measured by maens of the 
index of refraction of the solutions, and this method used 4s a test of purity 
(Williams & Young (11)]. 

Synthesis of amino acids.—A large number of syntheses or modifications 
of previous syntheses have appeared. It is, however, difficult to judge the 
virtue of the syntheses from the published reports. The following syntheses 
have been reported: General methods using substituted cyanoacetic esters 


1 The survey of the literature pertaining to this review was concluded in November, 
1951. 
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(12), and dihydrofuran (13); B-alanine (14), proline (15), cysteine (16), 
methionine (17), histidine and methylhistidine (18), lysine (19), hydroxyly- 
sine (20), isotopically labeled lysine, ornithine and tyrosine (21), isotopically 
labeled valine (22), crystalline carbobenzoxy derivatives of valine and 
leucine (23). 

McCollum & Rider (24) precipitate lysine from protein hydrolysates with 
benzenesulfonic acid. 

Resolution of amino acids——Greenstein and co-workers continue to find 
their crude enzyme extract method useful for the resolution of racemic 
mixtures of amino acids. They report the resolution of glutamic acid (25), 
the preparation of D-ornithine, D-citrulline, and p-arginine (26), as well as 
four stereoisomers of isoleucine (27). This method was employed to separate 
mixtures of phenylalanine [Arvid & Wrestlind (28)], and for the separation 
of the optical isomers of the higher homologues of the a-amino acids [Baker 
& Meister (29)]. Overby & Ingersoll (30), Huffman & Ingersoll (31), and 
Wheeler & Ingersoll (32) used a(-)-fenchylamine as a solvent to separate 
derivatives of optical isomers of amino acids. Doherty & Popenoe (33) have 
described the asymmetric synthesis of the L-anilides of amino acids, using 
papain. Meister and associates (34) used amino acid oxidases and decarboxy]- 
ases to determine the level of contamination of one optical isomer by the 
other to less than one part per 1,000. 

Chemical reactions of amino acids.—By the action of hydrogen peroxide 
and ferrous sulfate mediated by the free hydroxyl radical, Johnson, Scholes 
& Weiss (35) produced pyruvate from alanine in the cold. Moubasher (36) 
degraded a-amino acids in boiling water in the presence of nitrogen analogues 
of o- and p-quinones. Haugaard, Tumerman & Silvestri (37) interacted sugars 
and amino acids using the solubilization of the amino acid as a measure of 
the extent of reaction; they postulate the combination of the aldehyde 
group of the sugar with the amino group in a one to one mole ratio. Evans 
et al. (38) found that sucrose and glucose bind threonine, glycine, aspartic 
acid, and glutamic acid at autoclave temperatures. Slight losses of a number 
of amino acids in the desalting apparatus of Consden, Gordon & Martin 
and an extensive conversion of arginine into ornithine have been reported 
by Stein & Moore (39). Threonine in a sealed tube in the presence of 5 N 
NaOH at 105°C. for 24 hr. yielded 1 to 3 per cent a-amino-N-butyric acid 
and 60 to 70 per cent glycine. Serine was converted into glycine and alanine 
and cystine yielded alanine (40). Thompson (41) observed extensive destruc- 
tion of bis-dinitrophenyl lysine when tryptophan was present in an acid 
hydrolysis. Alanine, leucine, phenylalanine, glycine, and valine dinitro- 
phenyl derivatives were also destroyed to some extent in the presence of 
tryptophan. Feuer, Bachman & Kispersky (42) reacted 1,3-dichloro-2,4,6- 
trinitrobenzene with 2 moles of amino acids. 

High voltage cathode rays decompose histidine in aqueous solution with 
deamination and fission of the imidazole ring (43). The maximum yield of 
HS from cysteine, as the result of x-irradiation occurs around pH 6, whereas 
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the liberation of H.S from glutathione follows a more complex course with 
a maximum yield at pH 4 and a minimum at pH 5.3 followed by increasing 
vield with increasing alkalinity (44). 

Synthesis and properties of peptides—Anderson, Welcher & Young (45) 
found diethylchlorophosphite to form reactive amides as well as anhydrides, 
thus permitting the addition of an amino acid residue at either end of a 
peptide chain. Channing, Turner & Young (46) believe p-bromobenzyl- 
chloroformate to have certain advantages in peptide synthesis. Several’ 
publications describe modifications of the method which employs anhydrides 
of carbobenzoxy derivatives of amino acids (47 to 50). Hurd & Bauer (51) 
utilized the Lossen rearrangement for the production of polypeptides. 
In a study of the rate of acetylation of amino compounds by acetyl phos- 
phate, Koshland (52) speculates on the mechanism of acetylation in the 
presence of enzymes. Lawrence & Moore (53) hydrolyzed a series of simple 
glycine peptides with acid and calculated the energies of activation and 
discussed the mechanism of the reaction. 

Brand and co-workers (54, 55, 56) synthesized a series of di- and tripep- 
tides and reported the optical rotations of these peptides. Robinson & 
Bott (57) believe it is possible to detect the change of a-keratin to B-keratin 
by the change in optical rotation of the peptide; the a-form would be 
expected to have the greater rotation. 

Knight (58) measured the Rr values of 34 synthetic short chain peptides 
on filter paper using various solvents, and Pardee (59) used these data, along 
with some additional results of Cook & Levy (60), to formulate a simple 
theory which permits him to calculate the Rr values from the structure of 
the peptide. The experimental results appear to be in good agreement 
with theory. 

Separation and analysis of amino acids Chromatography in its various 
aspects continues to enjoy great popularity, and almost every biochemical 
laboratory has used filter paper chromatography for one purpose or another. 
McFarren (61) and also Landua, Fuerst & Awapara (62) studied the influ- 
ence of pH on filter paper chromatography; they claim that the separation 
of the amino acids is improved by the proper selection of pH. 

Efforts continue to be made to improve the quantitation of filter pa- 
per chromatography (63). Brush and co-workers (64) have issued a timely 
warning that serious losses of amino acids can occur if papers wet with 
phenol are heated; the filter papers should be allowed to dry at room tem- 
perature before developing with ninhydrin. By using metal ions, such as 
Zn, Co, Ca, and Cd, which change the blue color to a permanent red pigment, 
Kawerau & Wieland (65) preserve the color produced by ninhydrin. De- 
Vay, Chang & Hossfeld (66) identify histidine and tyrosine on filter paper 
strips by forming the azo dye of these amino acids previous to chroma- 
tography. Porath & Flodin (67) spray the paper chromatograms with a dilute 
solution of mineral acid and then treat the paper strip with a glucose reagent 
(orcinol). Amino acids and peptides prevent the hydrolysis of the cellulose 
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because of their buffering action and, accordingly, such areas are colorless. 
Bryant & Overell (68) suggest the use of mesityl oxide-formic acid-water 
mixtures for the separation of amino acids since this solvent gives a wide 
spread of Rp values. 

By using solvents, such as benzyl alcohol-water mixtures containing 
excess of water, Blackburn & Lowther (69) separated N-2,4-dinitrophenyl 
derivatives of the amino acids on paper chromatograms. The addition of 
ethyl alcohol apparently yielded more compact spots. Perrone (70) claims a 
rapid resolution of the dinitropheny] derivatives of amino acids on diato- 
maceous earth columns which are eluted with buffered solutions of ether 
or chloroform. Cleaver & Cassidy (71) arranged an anion exchange resin in 
a type of countercurrent series and studied the adsorption of amino acids, 
with particular reference to glutamic acid. In an important paper Moore & 
Stein (72) have described the chromatography of amino acids on sulfonated 
polystyrene resin employing buffers of progressively increasing pH for 
elution. This new method appears superior to their widely used starch 
column technique. 

McDonald, Urbin & Williamson (73, 74) have continued their work on 
filter paper ionophoresis and find the rate of migration of amino acids to 
bear a linear relation to the potential gradient and to time. Synge (75) 
separated w-amino acids from a-amino acids in his disphragm cell at a 
weakly acid pH. Durrum (76, 77) does not believe that true ion mobilities 
can be measured by paper ionophoresis. He has described (78) an apparatus 
for continuous ionophoresis and electrophoresis of amino acids, peptides, 
and proteins on filter paper sheets. This apparatus has several attractive 
features and appears to be a distinct advance over previously described 
arrangements. 

A micro method for methionine, based on the reversible reaction of 
iodine with this acid, was devised by Bakay & Toennies (79); the method 
will not respond to methionine in peptides. Abdel-Akher & Sandstrom (80) 
investigated the excess nitrogen liberated by glycine by the action of 
nitrous acid. Hamilton & Ortiz (81) destroy the a-amino acids with nitrous 
acid and determine the sum of the proline and hydroxyproline by the amount 
of CO, evolved as a result of the reaction with ninhydrin. 

Grunert & Phillips (82) found that cyanide ion prevents rapid fading 
of color in the nitroprusside test for glutathionine and permits the use of 
nitroprusside for quantitative estimations of glutathione. Hata (83) deter- 
mined p-chloromercuribenzoate polarographically in the presence of -SH 
groups and was, accordingly, able to estimate the amount of -SH present. 
Isotopic derivatives of amino acids were formed by Velick & Udenfriend 
(84), and, by combining paper chromatography with radioactive counters, 
they were able to estimate a large number of amino acids in small amounts. 

Contrary to previous reports, Meister, Sober & Tice (85) found that 
Clostridium welchii can decarboxylate aspartic acid, and they have described 
(86) procedures for the separate determination of L-aspartic acid and of L- 
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glutamic acid. A manometric method for L-aspartic acid and L-asparagine, 
using an enzyme system, was reported by Krebs (87). Klungsoyer, Sirny & 
Elvehjem (88) found that Lactobacillus delbrueckii 3, Lactobacillus arabinosus, 
and Leuconostoc mesenteroides utilize peptide-bound amino acids to a very 
high degree. They employed the peptides obtained from a partial acid hy- 
drolysis of beef protein as test substances. 


PROTEINS 


Preparations and crystallization Foster, Yang & Yui (89) extracted 
proteins of corn practically quantitatively with dilute aqueous solutions of 
alkyl benzenesulfonate containing 0.2 per cent bisulfite. Electrophoresis 
indicated the presence of at least eight components: Polis, Shmukler & 
Custer (90) isolated a crystalline albumin from cow’s milk which they 
believe to be identical with blood serum albumin. This protein makes up 3 
to 5 per cent of the total milk proteins. To prepare y-casein from cow's 
milk, Hipp and associates (91) used alcohol and isoelectric fractionation. 
y-Casein contains less phosphorus and more sulfur than the other caseins. 
Laskowski & Laskowski (92) reported crystallization of a tryptic inhibitor 
from colostrum. Of the egg white proteins Marshall & Deutsch (93) found 
that only egg albumin and conalbumin can be detected immunologically; 
a protein very similar to conalbumin was isolated from adult chicken 
serum. The separation of clotting factors from citrated bovine plasma has 
been investigated by Milstone (94). Surgenor et al. (95) reported the removal 
of calcium from blood with ion exchange resin which greatly facilitated the 
isolation of the components of the clotting process. 

A number of papers deal with the isolation of muscle proteins. Mom- 
maerts & Parrish (96) describe the separation of myosin. Mommaerts 
(97) finds that polymerized actin can be separated from accompanying pro- 
teins by ultracentrifugation. Taking advantage of the reversible depoly- 
merization of actin by potassium iodide, Szent-Gyérgyi (98) prepared highly 
purified actin. He found that 1 gm. of actin combines with a maximum of 
4.3 gm. of myosin. Spicer & Gergely (99) described a method for the prepa- 
ration of actin-free myosin and reported the stoichiometric ratio of myosin 
to actin to be about four to one on a weight basis. According to Gelotte 
(100), cardiac myosin and myosin from skeletal muscle have many proper- 
ties in common; however, cardiac myosin is insoluble in pure water and is 
more labile than skeletal myosin. Gelotte (101) isolated a protein, contain- 
ing nucleotide, from muscle; the protein appears to be firmly bound to the 
actomyosin complex. The prosthetic group of actin was identified as a dinu- 
cleotide by Snellman & Gelotte (102). Hamoir (103) isolated two proteins 
from fish muscle having the solubility properties of tropomyosin. From 
lobster nerves Maxfield (104) obtained a high molecular weight protein 
which was about 85 per cent pure. 

Newman & Logan (105) converted collagen to gelatin by autoclaving, 
and the collagen content was estimated from the hydroxyproline content 
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of the solubilized gelatin. Elastin was estimated from the hydroxyproline 
content of the insoluble residue. 

Employing multivalent cations, dyes, and drugs (quinine, etc.), Lewin 
(106) obtained crystalline derivatives of human serum albumin. Low & 
Weichel (107) described in detail the optical and microscopic structure 
of crystalline decanol derivatives as well as of crystalline mercapto deriva- 
tives of human serum albumin. They concluded that the intermolecular 
spaces in the crystals are either large enough to permit passage of molecules 
greater than 10 A in diameter or the crystal lattice swells to accommodate 
large ions and molecules. Lawrie (108) described methods for obtaining 
several forms of the crystals of myoglobin from horse heart. 

Amino acid composition.—Amino acid analyses of the following proteins 
have been reported: B-lactoglobulin, bovine serum albumin, egg albumin, and 
chymotrypsinogen (109), hemoglobins of normal Negroes and sickle-cell 
anemics (110), phosphorylase (111), sheep pituitary adrenocorticotropic 
hormone (112), histones (113), thymus histones (114), ferritin (115), apofer- 
ritin (116), and subtilin, an antibiotic peptide from Bacillus subtilis (117). 


PuysicaAL METHODS 


The protein chemist has gathered to himself a wide variety of physical 
techniques which have played and are playing important roles in the 
development of protein chemistry. 

Chromatography and countercurrent.—Following the enormously success- 
ful application of chromatography to the separation of amino acids, it was 
inevitable that this technique would be applied to the separation of proteins. 
Paléus & Neilands (118) reported the isolation of highly purified cy tochrome- 
c with amberlite resin. Hirs, Stein & Moore (119) isolated ribonuclease and 
lysozyme on columns of carboxylic acid resins, with phosphate buffer as the 
eluting agent. Ribonuclease retained its enzymatic activity. Columns of 
tricalcium phosphate were employed in the chromatography of phyco- 
erythrin by Swingle & Tiselius (120). The salt and buffer concentrations 
were found to be important whereas variations in pH had little influence. 
Campbell, Luescher & Lerman (121) adopted the ingenious scheme of cou- 
pling bovine serum albumin to cellulose, and they used this material in column 
chromatography to separate antibody specific to the protein. There exist in 
the literature remarkably few papers dealing with the adsorption of proteins 
from solution. It would appear that chromatography of proteins could be 
greatly furthered by fundamental studies on the adsorption of proteins from 
solution on various well-defined surfaces. 

Using veronal buffers, Papastarnatir & Wilkinson (122) chromatogrammed 
insulin, egg albumin, and the blood plasma proteins on filter paper. The 
separation of the plasma proteins was not, however, impressive. Two papers 
(123, 124) described good resolution of proteins by filter paper electro- 
phoresis. Kunkel & Tiselius (125) reported separation of small amounts of 
protein by filter paper electrophoresis and described in detail background 
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work on this technique. As noted previously, the continuous filter paper 
electrophoresis of Durrum (78) shows much promise. 

Hasfanist & Craig (126) obtained two concentration peaks for insulin 
after many transfers in the countercurrent apparatus, the immiscible sol- 
vents being 2 butanol and 1 per cent aqueous dichloroacetic acid. The 
insulin fractions were crystallizable and biologically active. It is a question, 
however, whether the two insulins were originally present or whether 
some of the insulin had suffered changes at the interface of the solvents. 
It is perhaps significant that insulin retains its biological activity after 
being spread in a monolayer at a water surface (127). Battersby & Craig 
(128) separated the dinitrophenyl (DNP) derivatives of peptides with 
countercurrent distribution and, by determining the ratio of weight of the 
isolated fractions to their color equivalent at 350 my, they were able to 
calculate the molecular weight of the peptides. An inexpensive counter- 
current apparatus which involves a series of liquid-liquid extractions in 
which one phase flows continuously through successive stationary aliquots 
of the second phase has been described by Kies & Davis (129). Bock (130) 
derived general equations representing the distribution of the solute in any 
type of countercurrent apparatus. 

Electrophoresis Electrophoresis has become almost as widely used as 
filter paper chromatography. The past year has, however, produced few 
novel developments. The standard three-piece electrophoresis cell has 
been provided with capillary outlets along the sides of the cell through 
which samples can be withdrawn [Brewer & Dreblow (131)]. A general 
procedure for the evaluation of electrophoretic mobility distribution of a 
protein was formulated by Baldwin, Laughton & Alberty (132). Brown 
et al. (133) investigated the experimental conditions of transport in the 
electrophoresis-convection apparatus of a series of well-defined proteins and 
found that the transfer of protein from the top to the bottom reservoir can 
be predicted from theory. Cann et al. (134) achieved partial fractionation 
of antibodies against phenylarsonate and bovine globulin by convection 
electrophoresis. Miller, Miller & Eitelman (135) investigated the mobility 
of human plasma in the pH range 3 to 11.4 using buffer systems described 
by Miller & Golder (136). The electrophoretic properties of human serum 
at pH 4.5 were compared with those observed in the customary alkaline 
range by Mehl & Golden (137). Foster et al. (138) studied the electrophoresis 
of normal sow plasma. The perennial problem of the relation between 
solubility and electrophoretic fractionation of serum was considered by 
Jager and colleagues (139), who found that magnesium sulfate and the 
quantitative precipitin reaction gave best agreement with electrophoresis 
whereas buffered methanol appeared least satisfactory of the six techniques 
tried. Seegers, McClughry & Andrews (140) concluded from electrophoresis 
of purified thrombin that thrombin activity is probably associated with two 
proteins with distinctly different isoelectric points. Beaven, Hoch & Holiday 
(141) differentiated between adult and foetal hemoglobin by electrophoresis. 
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Wells & Itano (142) found sickle cell hemoglobin to make up from 24 
to 45 per cent of the total hemoglobin of 42 sickle-cell anemic individuals. 
Byrne and colleagues (143) reported the electrophoresis of canine pancreatic 
juice. Heyndrickx & de Vleeschauwer (144) completed an electrophoretic 
study of the proteins of colostrum from cows. Polis e¢ al. (145) fractionated 
B-lactoglobulin with alcohol and by differential solubility of the components 
at pH 4.8 and 5.3; they obtained an electrophoretically homogeneous 
protein (8,) with a higher isoelectric point, increased solubility in sodium 
chloride, and slightly higher molecular weight. By electrophoresis Lanni 
and co-workers (146) separated three ovomucoids from egg white and found 
that two of these proteins inhibit hemagglutination of influenza virus. Bosch 
(147) reported nine electrophoretic components in the proteins extracted 
from rabbit muscle by dilute salt solutions, and Gjessing, Floyd & Chanutin 
(148) found at least nine electrophoretic components in the particulate free 
extract of rat liver cells. Sorof & Cohen (149) have studied the soluble pro- 
teins of rabbit livers. 

The ultracentrifuge-—The ultracentrifuge continues to be useful to those 
who can afford the apparatus. Fresnel diffraction patterns have been 
used for the measurement of sedimentation constants by Kegeles & Gutter 
(150). Such patterns are obtained by substituting a bar for the diagonal 
diaphragm in the customary cylindrical lens system. They claim significantly 
greater accuracy of measurement, and they also find the present theories 
of the influence of concentration on the sedimentation constant to be 
inadequate. The proteins used were bovine serum albumin, egg albumin, and 
human carbon monoxide hemoglobin. Schachman (151) found the boundary 
of tobacco mosaic virus to sharpen appreciably during sedimentation 
because dilute solutions sediment more rapidly than concentrated ones; 
the virus molecules which move ahead arrive in a more concentrated region 
and accordingly slow down. 

Ultracentrifuge studies have been reported on the following protein 
systems: Horse-radish peroxidase (152), hemoglobin of sea lamprey (153), 
B-amylase (154), a-chymotrypsin (155), chymotrypsinogen (156), lysozyme 
from egg white (157), adrenocorticotropic hormone of the swine adenohy- 
pophysis (158), insulin methyl esters (159), botulinus toxin (160), bacterio- 
phages (161), hemoglobin of tadpole and bullfrog (162), fibrinogen treated 
with thrombin at pH 4.85 and fibrin in urea (163), fibrinogen with hexa- 
methylene glycol (164), mucoprotein from human plasma (165), immune 
proteins from cows and horses (166), y-globulins prepared by convection 
electrophoresis (167), lipoproteins of human blood serum (168), soluble pro- 
teins of rat liver (169), proteins of liver and hepatoma mitochondria (170), 
and tropomyosin (171). 

An important paper is that of Fredericq & Neurath (172) who found 
the molecular weight of insulin in 0.1.N dihydrogen phosphate solution to 
be approximately 6000. 

Light scatter.—Light scatter offers many advantages for the determina- 
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tion of molecular weights and, under proper conditions, the shape of protein 
molecules. The method gives, however, a weight average molecular weight 
and the presence of small amounts of aggregated protein along with fine 
dust particles can cause serious errors; the calculated molecular weight 
proves to be much greater than the true molecular weight of the protein 
and the removal of this extraneous material frequently presents a formidable 
problem. Halwer, Nutting & Brice (173) found high speed centrifugation 
to be the most useful method for the removal of such aggregates. They 
made measurements on solutions of B-lactoglobulin, egg albumin, lysozyme, 
bovine serum albumin, and horse serum albumin. In a detailed experimental 
and theoretical study of the light scatter from solutions of bovine serum 
albumins, Edsall and co-workers (174) point out the intimate relation of 
light scatter to osmotic pressure. Their value for the interaction constant 
B agrees within experimental error with the value of B from osmotic pressure 
measurements. It is notable that B is near zero for isoelectric protein. Steiner 
& Laki (175) determined the light scatter of fibrinogen solutions undergoing 
clotting induced by thrombin. The native fibrinogen molecule has a length 
of 850 A and a molecular weight of 540000. Fibrinogen just prior to gelation, 
had a length about three times and molecular weight about eight times 
that of the native molecule. Solutions of the gel in 6 M urea at pH 8.40 
yielded a product having the same molecular weight as the native fibrinogen. 
Mommaerts (176) concludes that his light scatter measurements are com- 
patible with the assumption that the myosin molecule is rod shaped and has 
a length of 1500 A. Doty & Edsall (177) have written a review of light 
scatter which should prove useful. 

Surface films——Force-area measurements on spread monolayers of 
proteins offer an inexpensive and rapid method for the determination of 
molecular weights of proteins, using remarkably small quantities of protein. 
The method needs improvement, however, in two directions: (a) instru- 
ments sensitive in the low pressure region should be made commercially 
available; and (b) the theory of the method should be improved by the 
application of the modern statistical theory of solutions to surface films 
in the low pressure region. Heynis & Maaskant (178) have described an 
instrument of relatively rugged design, but it is doubtful that it has the 
needed sensitivity. Bull (179) measured the force-area relations of eight 
proteins in the low-pressure region and estimated the molecular weights of 
these proteins. He notes that under the appropriate conditions the spread 
protein molecules undergo reversible expansion. Isemura and co-workers 
(180) spread synthetic high molecular weight peptides and compared the 
influence of the size of the residue on the shape of the force-area curves in the 
high-pressure region. It is hoped they will extend their studies into the 
low-pressure region. Eley, Grant & Taylor (181) spread fibrinogen on 24 
per cent ammonium sulfate solutions. Both egg albumin and thrombin 
when injected under the fibrinogen films caused the film to expand. Lajtha & 
Rideal (182) spread myosin and actomyosin on the surface of various salt 
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solutions; best spreading occurred on 2 M KCI solutions and heavy metal 
ions inhibited spreading. Hayashi & Edison (183) spread mixtures of pepsin 
and egg albumin in monolayers, and fibers obtained from such films were 
autodigestible. However, if the pepsin and egg albumin were placed sepa- 
rately on the surface, the fibers were not autodigestible. 

Fisk (184) measured the thickness of films of hemoglobin, of serum 
albumin, and of heart metmyoglobin adsorbed from solution on barium 
stearate deposited on metal slides. He believes the molecules of hemoglobin 
and of serum albumin to be oriented with their short axis perpendicular to 
the surface whereas the metmyoglobin molecules are oriented with their 
long axis normal to the surface. An unfortunate feature of these otherwise 
interesting experiments is the arbitrary manner in which they were con- 
ducted; the influence of pH of solution, times of adsorption, and extent of 
washing of the surface were not investigated. Talibudeen (185) found that 
montmorillonite takes up gelatin from solution at pH 2.2. X-ray diffraction 
showed two monolayers of peptide chains in the interlamellar space with a 
high degree of order. The number of layers of gelatin thus accommodated 
depends on the pH of the solution. Bentonite protects gelatin from decompo- 
sition by soil bacteria (186). 

Electron microscope and x-ray diffraction Dawson (187) made a pseudo- 
replica shadow with palladium of the surface of B-lactoglobulin crystal. The 
molecules are arranged in successive columns parallel to the a-axial direction. 
The periodicity of the striations is 105+5 A and the shadow length of the 
crystal steps indicates 50+ 10 A per step. The Dawson paper is followed 
by one by Riley (188) on the x-ray pattern of dry B-lactoglobulin crystals. 
He finds the unit cell dimensions to be a=60 A; b=63 A; and c=110 A. 
The Patterson projections resemble closely the electron micrographs of 
Dawson. Williams & Steere (189) conclude that the length of the monomer 
of tobacco mosaic virus is 298+ 1 my and Williams, Backus & Steere (190) 
estimate the molecular weight of the monomer to be 49X10® Mustacchi 
(191) finds that the 640 A spacing in collagen fibers can be stretched to 
about 7000 A. Wyckoff (192) has reviewed the recent work with the electron 
microscope. 

Perutz, Liquori & Ejirich (193) observed the crystal structure and the 
x-ray diffraction pattern for normal and sickle-cell hemoglobin to be identi- 
cal; however, the reduced normal hemoglobin has a much higher solubility 
than the sickle-cell reduced hemoglobin. In red cells of sickle-cell anemic 
patients, the reduced hemoglobin would be expected to precipitate. Ritland, 
Kaesberg & Beeman (194) obtained x-ray scatter curves of five proteins in 
solution and calculated the radius of gyration of the molecules from these 
data. 

Photochemistry.— Morales & Cecchini (195) report a low order of infrared 
dichroism in oriented actomyosin and in muscle itself and conclude that the 
high order in muscle fibers exists at a large scale. Using ultraviolet absorp- 
tion data, Fromageot & Schneu (196) estimated the number of residues of 
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tryptophan, tyrosine, and cystine in lysozyme. Goldfarb & Saidel (197) 
found an absorption maximum for di- and triglycine at about 190 my 
which they attribute to the peptide bond. 

Mandl & McLaren (198) obtained lactic and pyruvic acids from alanine 
by irradiation with ultraviolet light. Weil, Gordon & Buchert (199) report 
that tyrosine, tryptophan, histidine, methionine, and cystine are highly 
reactive during photo-oxidation in the presence of methylene blue. They 
conclude that the cyclic nucleus takes up Oz and evolves COy. McLean & 
Giese (200) exposed egg albumin to radiation at 254 my for 24 hr. and con- 
cluded that the observed alterations in the absorption spectra were probably 
due to oxidation of the aromatic residues. These workers (201) also investi- 
gated the important problem of the rupture of peptide bonds by ultraviolet 
radiation. They found a small but significant increase in the number of 
acidic groups after irradiation of egg albumin but no change in amino or 
other basic groups. These results appear to indicate that ultraviolet radiation 
does not rupture peptide bonds. Haas, Sizer & Loofbourow (202) treated 
pepsin and insulin with permanganate and observed the spectral changes. 
The kinetics of the photochemical inactivation of enzymes and viruses are 
discussed in a paper by McLaren (203). Goldenberg & McLaren (204) re- 
ported quantum yields for the inactivation of chymotrypsin and trypsin 
to be independent of the enzymatic substrates, and McLaren & Finkel- 
stein (205) investigated the quantum yield for the inactivation of chymo- 
trypsin. The relation between quantum yield and molecular weight of 
proteins has also been studied by McLaren (206). Pollard and associates 
(207) inactivated dry pepsin and trypsin by deuteron bombardment and 
found that one hit anywhere in the protein molecule is sufficient to inactivate. 
On the basis of spherical protein molecules, they determined the molecular 
weights; the estimates are in fair agreement with the accepted values. 

Ions and proteins —Mihalyi (208), by titration, found the following 
number of groups in 1 X105 gm. of crystalline myosin: 165 carboxyl, 16 
imidazole, 91 lysine, and 43 guanidium groups. The isoelectric points of 
various strains of tobacco mosaic virus proteins were reported by Oster 
(209) to follow the same sequence as the ratios of the number of basic groups 
to the aspartic acid content in these proteins. Schwert & Neurath (210) 
studied the precipitation of insulin by thiocyanate ions. 

Within recent years, ion binding by proteins has been the subject of 
fairly intensive study. Three principal factors appear to be involved in 
such binding: (a) The statistical effect—i.e., the probability of an ion attach- 
ing itself to unoccupied sites and the release of ions from sites already occu- 
pied. If the statistical effect predominates, the ion binding will follow a 
Langmuir adsorption isotherm. (b) The electrostatic effect—or the work 
required to overcome electrostatic repulsive forces. Such forces vary with 
the degree of saturation of the protein surface with ions. (c) The Van der 
Waal interaction of organic ions adsorbed on the protein surface, which 
tends to stabilize the adsorbed ions on the surface. 
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Karush (211) devised a two-phase system for the study of ion binding 
consisting of a mixture of hexane and heptane in contact with an aqueous 
phase containing the protein adjusted to the desired pH with NaOH with- 
out the use of buffers. The distribution of the quaternary ammonium salt 
of methyl orange between the “oil” and aqueous phase was measured in the 
absence and in the presence of bovine serum albumin; such measurements 
permit the calculation of the number of dye anions bound by the albumin. 
He found significantly more binding of dye anion than in the presence of 
phosphate and considerably more than in the presence of thiocyanate. 

Klotz & Fiess (212) found that at pH 6.5 bovine serum albumin binds 
copper ions to the greatest extent in phosphate buffer, slightly less in 
acetate buffer and least in citrate buffer. They conclude that, at this pH, 
copper is bound both on the nitrogen atoms as well as on the carboxyl 
groups. The binding at pH 6.5 is far greater than at pH 4.8. Alberty & 
Marvin (213) estimated the chloride binding of bovine serum albumin by 
electrophoresis, and the values obtained agree with those by other methods, 
the chloride binding increasing greatly in the acid region. The success of 
Alberty & Marvin increases confidence in this relatively new method for 
ion binding (214, 215). The hydroxyamido derivatives of bovine serum 
albumin, of egg albumin, of ovomucoid, and of lysozyme were produced by 
Fraenkel-Conrat (216), and these derivatives were treated with iron to 
yield yellow complexes. Two iron atoms are bound by conalbumin to give 
a salmon pink complex. Copper binds on conalbumin on the same sites as 
doés iron, but less firmly, to yield a yellow complex. Denaturation of the 
conalbumin destroys its metal binding capacity (217). 

Klotz & Urquhart (218) measured the optical density of iodinated 
bovine serum albumin at 313 my as a function of pH in the presence and 
absence of dodecyl] sulfate, by the shift of the optical density pH curve they 
calculated the protons bound by the iodinated protein in the presence of 
the detergent. There was an increase in proton binding but not nearly as 
much as would be expected from the work of Putnam & Neurath (219); 
they suggest that the discrepancy arises from sodium ion binding. Cogin & 
Davis (220) found little competition between the binding of long chain 
fatty acids and methyl orange at pH 6.6 on bovine serum albumin at low 
fatty acid concentrations. As more fatty acid was added, the competition 
increased until one fatty acid molecule displaced more than one dye anion. 
Bradley & Easty (221) report that both wool and casein selectively adsorb 
(+)-mandelic acid from an aqueous solution of a racemic mixture of this 
acid. Timasheff & Nord (222) have presented evidence for the existence of 
several complexes between dodecylamine hydrochloride and egg albumin. 
Renoll & Van Winkle (223) published an extensive study of the interaction 
of surface active agents with calf thymus nucleohistone. Apparently, the 
protein-nucleic acid bond is not ruptured by the detergents; however, the 
molecular weight of the nucleohistone is much lower in the presence of the 
detergent (Santomerse D). Glassman (224) reported upon the inactivation 
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of botulinus toxin by ionic detergents. Glassman & Molnar (225) found 
lysozyme to be quantitatively precipitated from solution by ionic deter- 
gents but not by non-ionic detergents. Enzyme inhibition was observed 
only when ionic detergent was in substantial excess of the amount required 
for stoichiometric complexes. Duggan, Giese & Luck (226) found that sodium 
dodecyl! sulfate amplifies the effect of irradiation of serum albumin by ultra- 
violet light. 

Water adsorption.—The adsorption of water vapor by proteins appears to 
depend primarily on two factors: (a) the number of groups in the proteins 
capable of hydrogen bond formation, and (0) the availability of such groups, 
i.e., on steric factors. The relative importance of the steric factors has not 
as yet been evaluated. McLaren & Rowen (227) have written a timely and 
excellent review of water adsorption by proteins and by other high polymers. 

In an attempt to throw additional light on water adsorption by proteins, 
Mellon & Hoover (228) studied the hydroscopic properties of amino acids 
and of short chain peptides. Most amino acids are nonhydroscopic; how- 
ever, arginine hydrochloride takes up water vapor, and alanylglycylglycine 
exhibits a mono- and didydrate. Glycylglycine also hydrates. Mellon and 
co-workers (229) replaced the free amino groups of casein with guanidine 
groups and found the water binding capacity of casein to be unchanged. 
Katchman & McLaren (230) have presented data on the water binding 
capacity of a number of synthetic high polymers as well as of crystalline and 
amorphous trypsin inhibitor from soya beans, insulin, and tobacco mosaic 
virus protein. They conclude that carboxyl groups have a large affinity for 
water and that the amount of water bound depends both on the nature and 
position of the water binding groups. McLaren & Ottesen (231) reported 
the water vapor uptake of plakalbumin to be identical with that of egg 
albumin. Treloar (232) found increased water adsorption by horse hair as 
the result of stretching. 

Interaction of proteins—There is a great deal of interest at the present 
time in the interaction of the muscle proteins with each other (233 to 244). 
Most of this work has as its objective the elucidation of the role of these 
proteins in muscle contraction. Very suggestive in this connection is the 
work of Botts & Morales (245), who found the tension exerted by undried 
actomyosin threads was entirely entropic, the enthalpic tension being 
negative. The polymerization of fibrinogen to form fibrin clots continues 
to attract attention (246 to 250). 

Highberger, Gross & Schmitt (251) have shown that certain types of 
collagen fibrils dissolve in dilute acid. Depending on the amount of sodium 
chloride added to such solutions, the collagen aggregates to form fibrils 
(a) with the same structure as native collagen, (b) with axial periods one- 
third the normal value, and (c) without obvious axial discontinuities in 
the presence of high sodium chloride. They also find that the addition of 
serum mucoprotein to the acetic acid solutions of collagen produces filaments 
of collagen, the type of fibril formed depending on the ratio of mucoprotein 
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and the fibrous material in the acid filtrates of the collagen. They suggest 
that mucoprotein may play a role in the formation of collagen in the animal 
body. 

Straessls (252) has dimerized human serum albumin with bifunctional 
mercury compounds. 

Chemical reactions of proteins —Fromageot and co-workers (253) suc- 
cessfully employed the lithium aluminum hydride method of Schlesinger 
and Brown for the reduction of the free carboxy]! groups of insulin to alcohols. 
The alcohols produced were identified after protein hydrolysis by filter 
paper chromotography. They found Sanger’s fraction A to have two terminal 
carboxyls which arise from alanine and fraction B to have two terminal 
glycine carboxyls. This work represents an important advance since it 
makes available for the first time a practical chemical method for the 
identification of the terminal carboxyl groups of peptides and of proteins. 
Chibnall & Rees (254) esterified insulin and subjected it to reduction by 
lithium boron hydride followed by hydrolysis. The amide groups remained 
unaffected and they concluded that, per 12,000 mol. wt. unit, insulin con- 
tains eight glutaminyl, six glutamyl, four asparaginyl, and two aspartyl 
residues. 

Ingram (255) used reductive methylation of peptides to identify the 
terminal amino residues of peptides. Thus the dimethyl derivatives of 
amino acids do not yield color with ninhydrin and comparison of the filter 
paper chromatograms of the hydrolysates of peptides before and after 
reductive methylation permits end-group identification. Fox, Hurst & 
Itschner (256) blocked the terminal amino groups of peptides with phenyl- 
isothiocyanate or with phenylisocyanate and, after hydrolysis, measured 
the amount of free amino acids by a microbiological technique. Comparison 
of the amino acid composition with that of the unblocked hydrolyzed 
peptide allows identification of the terminal amino residue. Both the 
Ingram and Fox procedures depend upon identification by difference rather 
than by positive identification, which is an unattractive feature. Udenfriend 
& Velick (257) employed “‘pipsyl’’ chloride labeled with with I?*! and S* 
to identify the terminal amino residue; they found the ‘‘pipsyl’’ derivative, 
in most cases, more resistant to acid hydrolysis than the corresponding 
DNP derivative. The “‘pipsyl”’ chloride does not, however, appear to be as 
reactive as is the dinitrofluorobenzene since they were able to detect only 
one terminal amino residue each of glycine and phenylalanine per 12,000 gm. 
of insulin. Likewise, there was a discrepancy between the number of terminal 
valines in hemoglobin as revealed by the two tagging agents. 

Bowes & Moss (258) were unable to detect a-amino groups in collagen, 
but they did find aspartic acid, glutamic acid, glycine, alanine, and threonine 
as termina! amino residues in various forms of gelatin. Bailey (259) was 
unable to detect significant amounts of a-amino groups in ox fibrinogen, 
in rabbit myosin, and in rabbit tropomyosin. 

Using 1,3-difluoro-4,6-dinitrobenzene as a cross-linking agent in wool, 
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Zahn (260) found the treated wool to be resistent to phenols and acids, and 
moderately stable toward alkali. Blackburn & Lowther (261) reported the 
soluble and insoluble fractions resulting from the action of performic acid 
on wool to have the same amino acid composition. They believe the sub- 
cuticle membrane of wool to be an artifact. Alexander & Gough (262) 
reported that Cl, and hypochlorous acid oxidize all the tyrosine in wool, 
whereas acid permanganate and alkaline hypochlorite oxidize only 30 per 
cent of the tyrosine. Alexander, Fox & Hudson (263) found alkaline per- 
manganate and hypochlorite to react in the cold with 30 per cent of the 
cystine of wool to yield lanthionine whereas acid solutions of Cle and of 
peracetic acid reacted with all the cystine and gave cysteic acid as the reac- 
tion product. Alexander and colleagues (264) further reported upon the 
properties of esterified wool, and Alexander, Caster & Johnson (265) reacted 
formaldehyde with wool at 60°C. Jansen, Curl & Balls (266) oxidized 
a-chymotrypsin with periodate with a 65 per cent loss of esterase activity 
and a 35 per cent loss of peptidase activity. The modified enyzme could be 
crystallized and was completely inhibited by diisopropylfluorophosphate. 

Mommaerts & Neurath (267) completely esterified insulin with an uptake 
of 12 moles of methoxyl groups per 12,000 gm. of insulin which rendered 
the protein biologically inactive. Esterification of two-thirds of the free 
carboxyl groups failed to reduce its biological activity. A general study of 
the action of formaldehyde on proteins was made by Haworth, MacGillivray 
& Peacock (268). Lea, Hannan & Rhodes (269) stored acetylated glucose 
with casein and found a very slow reaction between the two at 37°C. Danehy 
& Pigman (270) have reviewed the reaction between sugars and nitrogeneous 
compounds. 

Timasheff & Nord (271) found, in work on egg albumin, that thiophene- 
2-azlactone combines principally with the primary amino groups. Conditions 
for inserting iodine, phosphorus, and sulfur into proteins under fairly mild 
conditions have been described by Francis, Mulligan & Wormall (272). 
Roche and co-workers (273) labeled thyroglobulin with radioactive iodine 
without denaturation of the protein. Fraenkel-Conrat and associates (274) 
reduced the disulfide bonds in lysozyme with thioglycol in urea. The reduced 
protein was then alkylated with iodoacetamide. The molecular weight of 
the resulting derivative was the same as that of the original protein. They, 
therefore, conclude that lysozyme consists of a single peptide chain internally 
cross-linked by disulfide bonds. Using the method of Benesch & Benesch 
(275), Weissman, Schoenbach & Armistead (276) found 0.71 moles of sulf- 
hydryl per mole of human serum albumin. They have suggested that 
every molecule of the albumin has one sulfhydryl group when originally 
synthesized, but gradually loses it. Jansen, Curl & Balls (277) reported the 
reaction of a-chymotrypsin with analogues of diisopropylfluorophosphate. 

Protein denaturation.—Several substantial papers on protein denaturation 
have appeared. These include the careful kinetic study of Levy & Benaglia 
(278) on the heat denaturation of ricin as a function of pH. They have 
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reported first-order kinetics for the reaction, and they believe the six bonds 
involved are proton-sensitive hydrogen bonds. They are of the opinion 
that salt linkages are relatively unimportant in maintaining protein struc- 
ture. Casey & Laidler (279) investigated the influence of protein concentra- 
tion and of temperature on the initial rate of pepsin inactivation at pH 
4.83 in 0.1 M acetate buffer. Since they used the enzymatic activity of 
pepsin as a measure of the extent of denaturation, it was possible for them 
to make measurements at very low protein concentrations. The reaction 
rate followed the kinetics of a first-order reaction at higher pepsin concen- 
trations, but as the enzyme concentration was decreased, the order of the 
reaction increased and rose to about five at quite low pepsin concentrations. 
It was also found that the energy of activation for pepsin denaturation de- 
creased considerably with increasing pepsin concentration. It appears that 
a single pepsin molecule, if heat denatured, will return to the native form 
upon cooling unless the denatured structure is stabilized by interaction 
with neighboring denatured molecules. Eisenberg & Schwert (280) found 
that, within the pH range 2 to 3 and within a restricted protein concentra- 
tion range, chymotrypsinogen undergoes thermal denaturation which is 
completely reversed upon cooling. The extent of denaturation at a given 
temperature is a function of the third power of the hydrogen-ion concentra- 
tion and the kinetics of the denaturation as well as of renaturation are first 
order. Energy changes were evaluated for both the denaturation and the 
renaturation reaction. 

Groves, Hipp & McMeekin (281) followed the denaturation of 8-lacto- 
globulin and its dodecyl sulfate derivative in the alkaline range at 3°C. 
and at 15°C. by the change in optical rotation and by the insolubility at 
pH 5.1. Denaturation appears to occur in two stages: (a) increase in optical 
rotation and appearance of sulfhydryl groups—both being reversible, and 
(b) irreversible changes which lead to insolubility at the isoelectric point. 
Kauzmann and co-workers (282) used optical rotation and viscosity changes 
as a measure of denaturation. Optical rotation is believed to give informa- 
tion concerning short distance changes whereas viscosity yields information 
about the over-all molecular changes in the protein. Optical rotation and 
viscosity of egg albumin solutions gradually increase in urea and in acid, 
whereas these changes in the properties of serum albumin solutions progress 
rapidly under the same conditions. The behavior of B-lactoglobulin solutions 
was intermediate between that of egg albumin and that of serum albumin. 

Bier & Nord (283) found calcium and manganese ions to have a marked 
stabilizing effect on trypsin. Gorini (284) reports that calcium ions stabilize 
both trypsin and serum albumin against heat denaturation at pH 7.9. 
Two papers have appeared dealing with the influence of pressure on de- 
naturation of serum albumin (285, 286; see also 311, 312). 

Foster & Samsa (287) and Samsa & Foster (288) described their studies 
on stream birefringence of denatured egg albumin. Under most conditions, 
the denatured proteins form aggregates which are very heterogeneous. How- 





~ ae CU Oe 


—  _ -_ -_ on 





CHEMISTRY OF AMINO ACIDS AND PROTEINS 195 


ever, at pH 2.3 and for heating times of 5 to 10 min., the solutions appear 
homogeneous and the length of the particle is about 600 A. 

Steinhardt & Zaiser (289) devised a method for the determination of the 
pH within 3 sec. after the addition of acid to solutions of horse hemoglobin. 
After exposure to acid, the titration curve alters greatly, 34 to 36 new 
proton binding groups being exposed. These results recall the early work of 
Pauli & Koelbl (290) who found significant pH changes upon denaturation 
of a number of proteins. 

Huggins, Topley & Jensen (291) produced an increase of viscosity and 
gelation of solutions of bovine serum albumin, of egg albumin, and of serum 
Q-globulin by the addition of mercaptan. They also presented (292) a 
theory of the formation of protein gels by serum albumin in the presence 
of urea. They propose that the small amount of sulfhydryl in this protein 
reduces disulfide bonds in neighboring denatured molecules, thus forming 
a new intermolecular disulfide bond. This process continues until a frame- 
work is provided for gel formation. MacDonnell, Silva & Feeney (293) 
used -chloro-mercuribenzoate and also iodine oxidation to estimate the 
sulfhydryl! content of egg albumin. Native egg albumin was found to contain 
approximately three equivalents per mole of reactive sulfhydryl and the 
denatured form about four equivalents. Maurer et al. (294, 295, 296) deami- 
nated egg albumin and subjected the product to various physical measure- 
ments and to immunological tests. The treatment of egg albumin at pH 4 
in 1 M NaNO, at about 0°C. resulted in removal of 27 to 36 per cent of the 
amino groups. Such removal gave rise to a fraction of soluble deaminated 
egg albumin plus a fraction of denatured (insoluble) egg albumin. Further 
deamination of the soluble fraction gave rise to a protein insoluble at the 
isoelectric point. The soluble but deaminated protein had physical properties 
similar to those of native egg albumin. The serological specificity of egg 
albumin was not influenced by the removal of about one-third of the free 
amino groups so long as the protein remained undenatured. Grabar & 
Kaminski (297) studied the immunological properties of egg albumin 
modified in various ways. 

Partial hydrolysis of proteins—It would be enormously useful if condi- 
tions could be specified which would permit selective hydrolysis of peptide 
bonds in a protein. So far, efforts in this direction have been rather meagerly 
rewarded. Transpeptidase reactions of the proteolytic enzymes (298) 
renders their use in this connection questionable. However, the recent work 
of Sanger, to be dealt with in some detail in the next section of this review, 
suggests that perhaps this danger has been overemphasized. There is a con- 
siderable differential rate of hydrolysis of various peptide bonds both by 
acids and by bases (299) and it has been reported that under appropriate 
conditions peptide bonds are preferentially hydrolyzed by HCl (300); also, 
boiling solutions of such acids as acetic and oxalic preferentially release 
aspartic acid (301). 

Treating elastin with oxalic acid at 100°C., Adair, Davis & Partridge 
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(302) obtained a large part of the material as molecules of rather uniform 
character. Van Vunakis & Kabot (303) subjected hog blood group A andO 
substances to mild acid hydrolysis and found six amino acids liberated, the 
amount of aspartic acid being equal to the sum of all the others. Archer, 
Jutisz & Fromageot (304) hydrolyzed lysozyme 96 hr. in 10 N HCl at 37°C. 
and found about one-fourth of the protein to be hydrolyzed, the peptide 
bonds of the hydroxy acids being among the first to be hydrolyzed. The 
peptide bonds of aspartic acid, glutamic acid, and of the hexone bases were 
also labile. Ingram (305) subjected the autolysis products of pepsin to 
paper chromatography and concluded that alanine is probably the terminal 
amino acid residue of this protein. Lorand (306) finds that thrombin splits 
a peptide of 3000 to 4000 mol. wt. from fibrinogen in which the acidic and 
neutral amino acids predominate. Ottesen & Villee (307) report that two 
peptides are liberated when egg albumin is converted to plakalbumin. These 
two initial peptides are shortly followed by a third peptide. The first two 
peptides have the constitution Ala-Ala and Ala-Ala-Val-Asp-Gly, and the 
third peptide Ala-Val-Asp-Gly. Tsou (308) studied the action of proteolytic 
enzymes on cytochrome-c, and Phillips (309) reported the action of chymo- 
trypsin on insulin. The action of chymotrypsin on horse globin was described 
by Rovery, Desnuelle & Bonjour (310). Two papers on the influence of pres- 
sure on protein hydrolysis have appeared (311, 312; see also 285, 286). 


PROTEIN STRUCTURE 


Amino acid sequence.—It is generally recognized that the sequence of the 
amino acid residues in the peptide chains is fundamental to any discussion 
of protein structure. The most serious effort to determine the sequence 
of the amino acid residues in proteins has been made by Sanger. He oxidized 
insulin with performic acid and separated the oxidized protein into two 
fractions by differences in solubility. He then followed this initial separation 
by partial hydrolysis with additional fractionations and identifications. 

Sanger & Tuppy (313) have now reported in detail on the structure of 
fraction B obtained by performic oxidation of insulin. This fraction con- 
tains only phenylalanine as the terminal free amino residues. Fraction B 
was subjected to partial hydrolysis by various agents, including HCl at 
37°C., and likewise by pepsin, chymotrypsin, and trypsin. The peptides 
resulting were then separated by a variety of techniques, such as amberlite 
and charcoal column chromatography, and by ionophoresis. These separa- 
tions gave rise to a large number of fractions which were chromatogrammed 
on filter paper. The N-terminal residues of these peptides were identified 
with nitrosyl chloride or by forming the DNP derivatives. The peptides 
were then hydrolyzed partially or completely with HCl and the sequence 
of the amino acid residues determined. By combining the information 
obtained from partial acid hydrolysis of fraction B with that obtained from 
partial hydrolysis by proteolytic enzymes, it was possible to arrive at the 
complete amino acid sequence in the two identical peptide chains of fraction 
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B. The postulated structure yields a molecular weight of 3400 for each of 
these chains. 

A large number of peptides have been identified. Twenty-six possible 
dipeptides could arise from the structure given, and of these 20 were identi- 
fied. Twenty-eight tripeptides could be produced, and 15 were found. There 
could have arisen 27 tetrapeptides, of which 12 were identified. Altogether, 
59 individual peptides were identified. This is indeed a remarkable accom- 
plishment. It must be said, however, that only the tetra and higher peptides 
were of direct use in establishing the structure because the lower peptides 
permit too many possible combinations and they have only confirmatory 
value. It is evident that many possible peptides were missed, but it is very 
impressive that none of the peptides isolated contradicts the proposed 
structure. As pointed out by the authors, an examination of the proposed 
sequence fails to reveal any simple periodic arrangement of the amino acid 
residues. There appears to be a tendency for the nonpolar residues to group 
themselves together, and there are three dipeptide sequences which occur 
twice in the chain. 

While the work of Sanger & Tuppy compels admiration, one could wish 
for improvement in several directions. It would, for example, be helpful 
if some kind of quantitation, however approximate, of the various isolated 
peptides could be presented. We would then be in a position to check the 
structure by simple bookkeeping. It would also be reassuring if the various 
fractions could be isolated in a purer form by countercurrent distribution; 
there would be less chance of inserting a meaningless sequence in the 
peptide chain. A more precise molecular weight determination of fraction B 
would also give us added confidence. 

There continues to be a feeling of uncertainty over the question of the 
rearrangement of the amino acid residues. The conditions employed in the 
enzymatic hydrolyses were drastic as such things go. If enzymatic rearrange- 
ments can occur, they certainly occurred in these experiments. It is by no 
means excluded that rearrangements do not occur in simple acid hydrolysis 
and the peptides resulting from the enzymatic hydrolysis were subjected to 
partial acid hydrolysis before the sequence could be identified. 

Finally, it should be possible to synthesize several fairly complex peptides 
and see if the Sanger-Tuppy technique is capable of yielding the known 
structures. 

Folding of peptide chains—As background material for this topic, the 
reviews by Huggins (314) and by Bragg, Kendrew & Perutz (315) are 
invaluable. There has long been a keen interest in the folding of peptide 
chains in proteins. Astbury’s contributions to this subject have been espe- 
cially notable and, in fact, Bragg, Kendrew & Perutz, in their review, favored 
the Astbury structure for a-keratin which involves three amino acid residues 
per fold. 

The problem has taken on new interest as a result of publication of the 
x-ray diffraction work of Bamford, Hanby & Happey (316), and of the polar- 
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ized infrared absorption studies of Ambrose & Elliott (317), both on oriented 
synthetic high molecular weight peptides. Equally stimulating has been 
the series of papers by Pauling, Corey, and colleagues (318 to 325) proposing 
new structures for peptide chains. 

It would be premature to seek at the present time a decision as to the 
correctness of these various structures and, in the limited space at our dis- 
posal, we shall attempt only to present the general features of the proposed 
structures together with certain apparent advantages and disadvantages. 

Bamford, Hanby & Happey (316) consider their x-ray diffraction patterns 
to support the seven-membered ring structure for a-keratin. This structure 
is in the form of a ribbon about 12 A wide, 5.2 to 5.8 A thick, and with 
a repeat of about 5.5 A along the fiber axis. The structure is designated as 
a@-keratin because it contains two amino acid residues per fold. Ambrose & 
Elliott (317) also believe their polarized infrared studies support the an- 
keratin structure. They found that oriented peptides in the a-keratin 
form show dichroism of the N-H stretching frequency parallel to the fiber 
axis, whereas dichroism perpendicular to the fiber axis is exhibited by the 
stretched (6-keratin) peptides. The observed dichroism is best explained by 
assuming that the hydrogen bonds in a-keratin are intrachain bonds and 
are directed parallel to the fiber axis, whereas the hydrogen bonds in stretched 
8-keratin are interchain bonds and are directed perpendicular to the fiber 
axis. 

Pauling, Corey & Branson (318) built molecular models of peptide 
chains, using the accurate determinations of bond distances and angles of 
Corey & Donhue (319). They propose that contracted peptide chains are 
coiled into helical structures and arrive at two possible forms which this 
coiling can assume. One of these has 3.7 residues and the other 5.1 residues 
per coil of helix. Helical structures for contracted peptide chains had been 
proposed previously. There are, however, two new features to the new 
structure. One is the realization that the number of residues per turn of the 
helix does not need to be integral; the structures involving 3.7 and 5.1 
residues per turn of the helix permit hydrogen bonding of every imino and 
every carbonyl group of the peptide chain, thus lending great stability to 
these structures. Another new feature is the recognition that, because of 
resonance of the peptide bond and the resulting double bond character of 
this bond, the groups about the peptide bond are planar and cannot be sub- 
ject to much distortion. 

The 3.1 residue helix is a much more condensed structure than the ay- 
fold; the distance along the fiber axis for the helical structure is about 1.5 A 
per residue whereas that for the a,-fold is about 2.7 A. The 3.1 residue 
helix is in the form of an elliptical cylinder with major and minor diameters 
of about 13 A and 10 A respectively. 

Following their initial paper, Pauling & Corey have published a series 
of papers dealing with peptide chain structures. They propose a “‘pleated 
sheet” structure for 8-keratin (320) in which the plane formed by the two 
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chain bonds of the a-carbon is perpendicular to the plane of the sheet 
rather than coincident with it as in the older structure. In the pleated sheet 
structure, the successive residues in a chain are similarly oriented, directing 
their carbonyl! groups in one direction and their imino groups in the opposite 
direction, and all chains are oriented in the same way. 

They also propose a structure for feather rachis keratin (321) which 
involves a combination of pleated sheets and 3.7 residue helical coils. They 
discuss at some length the structure of hair and of muscle (322) and propose 
that the collagen-gelatin structure consists of each of three polypeptide 
chains coiled into a helix, the coiling being achieved through bending at the 
positions of the a-carbons and the helixes having a common axis (323). 
Finally, they interpret the structure of hemoglobin in terms of their 3.7 
residue helix (324). 

The ay-fold proposed by the English workers has certain advantages. 
It provides an easy transformation a- to B-keratin as the result of mechanical 
stress and, at least in the reviewer’s opinion, the percentage of stretch 
provided by this structure is in good accord with such experimental evidence 
as we have. It appears to satisfy approximately both the x-ray diffraction as 
well as the polarized infrared absorption results (see, however, the findings 
of Perutz noted in the following paragraph), and finally it is a simple struc- 
ture. Pauling & Corey (325) criticize the ay-fold on the following grounds: 
(a) This structure does not provide for a planar configuration about the 
peptide bond. (b) It gives a dichroic ratio of 1.41:1 for the C=O stretching, 
whereas the observed ratio is 2.6:1. (c) The ay-fold yields an extension of 
40 per cent for the conversion of a- to B-keratin, whereas Pauling & Corey 
are of the opinion that at least 100 per cent extension should be allowed. 
(The 3.7 residue helix requires an extension of about 117 per cent.) (d) The 
synthetic polypeptides seem to be hexagonal or closely pseudohexagonal in 
structure and the flat ribbon-like a,-configuration provides no explanation 
of this fact. 

To the criticisms of Pauling & Corey can be added that of Perutz (326), 
who found by x-ray diffraction a 1.5 A spacing from planes perpendicular to 
the fiber axis for oriented films of synthetic polypeptides, for horse hair and 
for porcupine quill tips. Perutz states that these findings are incompatible 
with all models so far proposed except with the 3.7 residue helix of Pauling & 
Corey. 

Concerning the Pauling-Corey structures, one can say the following: 
There is really no good evidence that muscle contraction involves the 
transformation of B-keratin to a-keratin. In fact, Astbury & Dickinson 
(327) showed that both relaxed and contracted muscle have the a-keratin 
structure, and this conclusion has been confirmed by Huxley & Perutz 
(328). The suggestion of Pauling & Corey (329) that the x-ray diffraction 
patterns of Astbury & Dickinson do not arise from the elastic element of 
muscle is unconvincing. The three-chain helical structure for collagen is 
very complex and without strong support. According to Perutz (326), the 
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x-ray diffraction pattern for feather rachis keratin is incompatible with the 
Pauling-Corey structure for this protein. However, Pauling & Corey have 
pointed out (329) that possibly the reason why the 1.5 A spacing was not 
observed was that the 3.7 residue helixes in this structure are displaced 
0.75 A relative to each other, thus leading to cancellation of the 1.5 A 
reflection. It would appear that the most reasonable interpretation of super- 
contracted keratin is as suggested by Astbury—a random orientation of 
peptide chains which does not involve the 5.1 residue helix proposed by 
Pauling & Corey. 

Undoubtedly, the most important contributions of Pauling & Corey 
are the 3.7 residue helical structure for a-keratin and the pleated sheet 
structure for B-keratin. 

Criticism of the 3.7 residue helix can be formulated along the following 
lines: (a2) Contrary to Pauling & Corey, experimental observations appear 
to be better in accord with a 40 per cent instead of a 100 per cent stretch 
for the a- to 6-keratin transformation. (b) The unwinding of the helix inci- 
dental to the a- to 8-keratin transformation involves a complete rotation 
of the peptide chain for each coil of the helix. If, as the high cystine content 
of wool and of hair indicates, the peptide chains are laced together at fre- 
quent intervals along the chains by disulfide bonds, one would anticipate 
great difficulty in the stretching and contraction of these fibers—a difficulty 
which is not encountered. (c) The 3.7 residue helix is a very abstract struc- 
ture. There is no provision for distortion produced by the presence and 
interaction of massive amino acid residues with each other. (d) Bamford & 
Hanby (330), from x-ray considerations, believe the repeat distance along 
the fiber axis for the synthetic peptides to be smaller than that postulated 
by Pauling & Corey and conclude that the helical structure is not consistent 
with the x-ray diffraction patterns of the synthetic peptides. 

One must admit, however, the powerful support given the 3.7 residue 
helix by Perutz (326). Taken at its face value, the evidence presented by 
Perutz would appear to establish the presence of the Pauling-Corey struc- 
ture in the proteins examined. It is well to remark, however, that both 
wool and hair are complex biological structures and the Perutz results do 
not necessarily mean that the 3.7 residue helix is the principal structure in 
wool and in hair. 

It is easily conceivable and even probable that contracted peptide 
chains are capable of forming a variety of folded structures and the pre- 
ferred structure would depend on the amino acid content and on the physical 
and chemical environment. When one recalls that simple molecules, such as 
the long chain fatty acids, can exhibit several! well-defined crystalline forms, 
such a suggestion for complex peptide chains does not appear unreasonable. 
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NUCLEIC ACIDS, PURINES, AND PYRIMIDINES! 


By D. O. JorDAN 
Department of Chemistry, The University, Nottingham, England 


Various aspects of the chemistry and biology of nucleic acids and 
related substances have been reviewed in the four preceding volumes of the 
Annual Review of Biochemistry. In this contribution it is proposed to discuss 
critically the physical and physicochemical aspects of these substances and 
also to consider such other studies as have bearing on their structure. Such 
an emphasis has not previously been attempted, and consequently it has 
been necessary to survey a rather longer period than has been usual. 


PURINES AND PYRIMIDINES 


Several pyrimidines have been studied by x-ray diffraction and spectro- 
scopic methods, and in a few cases the detailed structure has been deter- 
mined. X-ray studies of uracil, cytosine, 5-methyl cytosine, and thymine, 
the pyrimidines known to occur in nucleic acids, have not been made, but 
Clews & Cochran have determined the structure of 2-amino-4-methyl-6- 
chloropyrimidine and 2-amino-4,6-dichloropyrimidine (1) and of 4-amino-2,6- 
dichloropyrimidine and 5-bromo-4,6-diaminopyrimidine (2) and have 
concluded that the pyrimidine ring is planar in agreement with the result 
of Schneider (3) from dipole moment measurements. The C—N and C—C 
bond distances in the ring correspond to approximately 50 per cent double 
bond character as would be expected for a six-membered ring in which reso- 
nance of the benzene type is possible. However, whether resonance of the 
benzene type can occur in the amino- and hydroxypyrimidines which are 
found in nucleic acids is dependent on whether these groups exist in the 
amino or imino and the enol or keto forms respectively. The conclusions of 
Clews & Cochran (2) concerning the structure of pyrimidine derivatives 
containing an amino group in the 6 (or 4) position is therefore particularly 
relevant. The x-ray evidence shows that 4-amino-2,6-dichloropyrimidine 
and 5-bromo-4,6-diaminopyrimidine are in the amino form in the crystal, 
and it is therefore probable that the structures of cytosine and of 5-methyl- 
cytosine are analogous. 

Information as to the structure of the hydroxyl group in the 2-hydroxy- 
pyrimidines may be drawn from the structure of 2-hydroxy-4,6-dimethyl- 
pyrimidine obtained by Pitt (4). The length of the C--=OH bond is 1.25 +0.04 
A and is clearly not similar to the phenolic hydroxyl group in resorcinol 
[C—OH distance 1.36 to 1.37 A (5, 6)], but is to be compared to the C—O 
bond distance in oxalic acid dihydrate [1.24 to 1.30 A (7)]. The bond between 
carbon and oxygen thus possesses considerable double bond character, but 


1 The survey of the literature pertaining to this review was concluded in Decem- 
ber, 1951. 
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the hydrogen is nevertheless covalently bound to the oxygen and bound to 
the nitrogen only by strong van der Waals’ forces (i.e., it forms a hydrogen 
bond). Further information on this point is obtained from the infrared 
spectra studies of Blout & Fields (8) on cytcsine, uracil, and thymine. 
All three compounds show intense absorption in the 3u region, but it is 
only in cytosine that three distinct absorption bands are formed. These 
bands correspond to the O—H, N—H and C—H stretching vibrations. 
Cytosine also shows only one intense absorption band around 6y, the region 
of C=0, C=C, and C=N stretching frequencies, while uracil shows a 
doublet and thymine two distinct bands in this region. These results are 
interpreted as evidence that the oxygen atom in cytosine is completely 
associated with hydrogen either through enolization or strong hydrogen 
bonding. In uracil and thymine the structure is presumably much closer to 
the keto form. This conclusion is in agreement with the results of Lacher, 
Campion & Park (9) from observations of the infrared absorption spectra 
of uracil, 5-chlorouracil, and thymine in fused antimony trichloride as 
solvent. However, it is to be emphasized that the location of the hydrogen 
atom in the crystal is not necessarily the same as that for the molecule in 
solution, and it may be difficult to identify the particular ‘‘mesohydric 
tautomers” existing in solution (10). 

The ultraviolet absorption spectra of solutions of the pyrimidines 
yield some information as to the structure of the molecule or ion in solutions 
of different pH. The major chromophore in both the pyrimidines and 
purines has been shown by Cavalieri & Bendich (11) and by Cavalieri, 
Bendich, Tinker & Brown (12) to be the 


bt tx 
conjugated system, and it is therefore to be expected that enolization or 
ionization will influence the spectrum. At room temperatures in aqueous 
solution, the characteristic absorption spectrum of purines and pyrimidines 
and of nucleic acids is a broad band around 2400 to 2800 A. The broadness 
of this band leads to a considerable lack of specificity, but Sinsheimer, Scott 
& Loofbourow (13, 14, 15) and Brown & Randall (16) have shown that fine 
structure can be observed at liquid air temperatures. However, the material 
is examined either in the form of a film or in a mixture of ether, isopentane, 
and ethyl alcohol (EPA) as solvent, so that comparison with results ob- 
tained in aqueous solution at room temperatures is difficult and, further- 
more, changes in structure may occur under such conditions. Thus Sins- 
heimer, Scott & Loofbourow (15) find that, whereas the spectrum of a film 
of thymine resembles that of arn aqueous solution of thymine at alkaline 
pH and is therefore probably that of the enol form, the spectrum in EPA 
resembles that at neutral or acid pH and is probably that of the keto form. 
In aqueous solution at room temperature, a shift in Amax to longer wave- 
lengths with increasing alkalinity has been observed for various hydroxy- 
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pyrimidines by Loofbourow, Stimson & Hart (17), Stimson & Reuter (18, 
19, 20), and Stimson (21) who conclude that the shift occurs on enolization 
of the pyrimidone. However, as has been pointed out by Marshall & Walker 
(22), these authors do not consider the possibility of the ionization of the 
—NH—CO— group which undoubtedly occurs at the high pH values used 
{e.g., uracil in buffer at pH 11.0 is represented (17) in the enolic molecular 
and not the ionized form, even though the pK,’ value for uracil is 9.45], 
and their results could equally well be explained by ionization of the pyri- 
midine. The problem has been considerably clarified by the work of Mar- 
shall & Walker (22), who have examined the ultraviolet absorption spectra 
of a number of 2- and 4(6)-substituted pyrimidines and the corresponding 
N,- and N;-methylated derivates in aqueous solution at various pH values. 
The pK,’ value of each pyrimidine was determined and the pH of the 
solution chosen so as to be (pK,’ +2), so that only neutral molecules or ions 
were present, and the spectra were not confused by being that of a mixture of 
ions and neutral molecules. Marshall & Walker conclude that the shift of 
Amax is due to ionization and that the potential 2- and 4(6)-hydroxy- 
pyrimidines should be represented in the keto form, i.e., as pyrimidones. 
A similar conclusion is reached for uracil, by extending the early work of 
Austin (23), which therefore should be represented as 2,4-diketo-1,2,3,4-tetra- 
hydropyrimidine. 

X-ray studies of adenine hydrochloride were first made by Bernal & 
Crowfoot (24), but no attempt was made to determine the positions of the 
atoms in the unit cell. These have, however, now been determined by 
Broomhead for both adenine (25) and guanine (26) hydrochlorides, and more 
precise data on adenine hydrochloride has been obtained by Cochran (27). 
The structures of adenine and guanine are very similar, the main differences 
being that the amino N (Nio) of guanine appears to be displaced by 0.11 A 
from the plane containing the other atoms, and that there is a difference of 
0.10 Ain the C,—C; bond distance, that in adenine being the longer. This 
difference may be due to experimental error (26), but nevertheless is in agree- 
ment with the different acid-base properties of adenine and guanine (see 
below). The C.s—O bond in guanine, which is of length 1.20 A appears to 
have predominantly double bond character, thus confirming the conven- 
tional formula ascribed to guanine. Broomhead (26) points out, however, 
that an error of —0.05 A in this value (i.e., giving a bond length of 1.25 A) 
would make the bond of comparable length to that of the C—O bond in 
diketopiperazine and glycine, where the bond possesses only 50 per cent 
double bond character. 

The position of the hydrogen atoms in the adenine cation has been con- 
sidered by both Broomhead (26) and Cochran (27), who conclude that hydro- 
gen atoms are at N;, C2, Cs, Ns, and two hydrogen atoms are at the amino 
nitrogen, Nig. The positive charge may be located at N,, Ng, or Nio and the 
short length of the Ce—Nyo bond (1.34 A compared with the single C—N 
bond length of 1.47 A) may be attributed to the contribution of resonance 
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forms in which the Nj» bears the positive charge and in which the Ce—Nyio 
bond is double. 

The location of the hydrogen atoms in the guanine cation is not known 
so precisely. Four hydrogen atoms are located at Ni, No, Nio, and Cs, and 
hydrogen bonds exist between N3; and Nip and between O and N7; there are 
thus four possible tautomeric forms and a decision as to which is the correct 
structure in the crystal must await a more precise study such as that carried 
out for the adenine cation. In aqueous solution it will be difficult to dis- 
tinguish between the four ‘‘mesohydric tautomers.” 

The x-ray data is to some extent confirmed by spectra studies, but the 
information obtained from the study of the infrared and ultraviolet spectra 
of the purines is much less than for the pyrimidines. Blout & Fields (8) 
investigated the infrared spectra of theophylline, theobromine, and caffeine. 
The placement of the methyl groups in theophylline and caffeine is such 
as to preclude enolization of these purines; consequently, the spectra in the 
3u region show no abnormalities. All three compounds give similar spectra 
around 6p except that the 5.86u absorption band of theophylline and caffeine 
is not shown by theobromine. Since this band is most likely associated with 
the C=O stretching vibration, Blout & Fields conclude that, in theobromine 
in the solid state, one of the oxygen atoms is bound to an enolic hydrogen. 
From investigation of the ultraviolet absorption spectra of several purines, 
Cavalieri, Bendich, Tinker & Brown (12) and Cavalieri & Bendich (11) 
conclude that the main chromophore is 


ee 
—C=C—C=N— 


as in the pyrimidines, although in the 6-oxypurines it may also be 


Poh 
—C=C—C=0. 


The appearance of fine structure in the ultraviolet spectrum of the pyrim- 
idines on reducing the temperature to 77°K. is not parallelled in the case 
of the purines (15, 16), and the spectra remain almost identical to those 
obtained at room temperature. Shifts in the position of Amax and the appear- 
ance of new bands on change of pH have been observed by Stimson & 
Reuter (28), Hotchkiss (29), and Cavalieri, Bendich, Tinker & Brown (12) 
and, as for the pyrimidines, have been interpreted in terms of enolization 
(12, 28), whereas the change occurring will almost certainly have been ioniza- 
tion. Too frequently enolization is regarded as an intramolecular rearrange- 
ment, which it probably is in the crystal, but in aqueous solution the posi- 
tion of the hydrogen atom will be determined by the acid-base equilibrium 
between the hydrogen ions and the group concerned. This criticism applies 
particularly to the conclusions of Cavalieri, Bendich, Tinker & Brown (12), 
who conclude that the appearance of a second maximum at pH 8.45 implies 
enolization of the 2-oxy-group; since xanthine has a pK,’ value of 7.7 (see 
Table I), it is evident that at pH 8.45 the solution will contain a mixture of 
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ions and molecules and that the appearance of the second maximum is most 
probably associated with ionization. Their conclusion that it is the 2-oxy- 
group which causes this effect, and not the 6-oxy-group, is obtained by com- 
paring the spectrum of xanthine with those of 1-methylxanthine and 3- 
methylxanthine (30), thereby assuming that the enolization is an intra- 
molecular rearrangement in solution. 

It is of significance that in the crystalline state, the purines and pyrim- . 
idines form strong hydrogen bonds involving the nitrogen and oxygen atom 
and, in the case of the crystalline hydrates, involving the water molecules 
also. To this intermolecular hydrogen bonding may be attributed the high 
melting points of most of these compounds. 


TABLE I 


pK,’ VALUES OF PURINES AND PYRIMIDINES 











pK,,’ pK,,’ pKa,’ Reference 

Uracil 9.45 31, 32, 33, 34 
1-Methyluracil 9.99 33 
3-Methyluracil 9.71 33 
Thymine 9.82 33, 39 
Cytosine 4.60 12.16 33, 34 
iso-Cytosine 4.01 9.42 33 
Adenine 4.15 9.80 40 
Guanine a 9.20 12.3 40 
Xanthine 7.7 38 
1-Methylxanthine Be 12.05 38, 40 
3-Methylxanthine 8.5*, 8.10F 11.3 38, 40 
7-Methylxanthine 8.5*, 8.30f 38, 40 
9-Methylxanthine 6.3*, 6.25t 38, 40 
Hypoxanthine 8.8 12.0 34 





* Results of Ogston (38). 
¢ Results of Taylor (40). 


The pK,’ values of some purines and pyrimidines are given in Table I. The 
acid-base properties of uracil were first investigated by Levene, Simms & 
Bass (31, 32) who concluded from electrometric titration data that it 
possessed two acid dissociations with pK,’ values 9.28 and 13.56 which were 
attributed to the two —CO—-NH— groups. Later, Levene, Bass & Simms 
(33) showed that an error had been made in applying the water correction 
for the titration in strongly alkaline solution, and a recalculation of the 
data showed the presence of only a single dissociation of pK,’9.45. This 
conclusion has been confirmed by Taylor (34). The reason for the extreme 
weakness of the second dissociation of uracil is still obscure. Levene, Bass & 
Simms (33) considered that in the neutral molecule the two —CO—NH— 
groups were of comparable strength, a view which is supported by the pK,’ 
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values of 1- and 3-methyluracil which are similar to that of uracil (Table 
I), and that the ionization of the second group was inhibited by the ionization 
of the first to such an extent that pK,’ was too high to be detected by titra- 
tion, in aqueous solution. However, calculation of the difference between 
pK,’: and pK,’2 (35), using the methods of Kirkwood & Westheimer (36, 
37) and assuming that the dimensions of the uracil molecule are similar to 
those of 2-hydroxy-4,6-dimethylpyrimidine (4), gives the low value of 
1.57. It would therefore appear that the weakness of the second dissociation 
cannot be due to the electrostatic field effect and must be due to a real 
difference in the groups. This conclusion is not entirely unexpected, since 
NH lies between two carbonyl groups, whereas N3sH is attached to one 
carbony! group and one C—H group. This view is also supported by the 
extreme weakness of the second dissociation of cytosine, pK,’s 12.1, as 
compared with that of isocytosine, pKa’: 9.42, which suggests that the 2- 
carbonyl group in uracil promotes stronger basic properties in the —NH— 
CO— grouping than does the 6-carbonyl group. This conclusion is similar 
to that reached by Ogston (38) in the somewhat analogous case of the 
xanthines. 

The methyl group in the 5-position of uracil in thymine has little effect 
on the pK,’ value, 9.82, which has been determined using material obtained 
from desoxyribosenucleic acid (33) and with synthetic thymine (39). The 
basic properties of cytosine and isocytosine can be ascribed to the amino 
group. This is in accordance with the pK,’ values (Table I) which are 
comparable with those of the aromatic amines and has been confirmed by 
titration in the presence of formaldehyde (34). 

The dissociation constants of adenine and guanine are given in Table I. 
There is considerable evidence that the weakest dissociation of adenine and 
guanine represents the dissociation of —-NH— to —N~—in the imidazole 
ring. Benzimidazole, which is analogous to purine in that it consists of an 
imidazole ring fused to a benzene ring, was found by Taylor (40) to have a 
basic association of pK,’ 5.30 and an acidic dissociation of pK,’s 12.3. These 
values must represent the dissociation of —N*tH== and —NH— groups, 
respectively. The value of pK,’:, 5.30, may be compared with that of 7.1 
given by Dedichen (41) for imidazole, whereas the value of 12.3 is of the 
same order as those of the weakest acid dissociations of guanine, 1- and 3- 
methylxanthine and hypoxanthine, all of which are unsubstituted in the 
imidazole ring. As would be expected, 7- and 9-methylxanthines show no 
dissociation in the pH range 11.0 to 12.5. In adenine, the pK,’s, value, 9.80, 
is surprisingly low when compared with the corresponding dissociation in 
guanine, but nevertheless can be correlated with the crystallographic data 
of Broomhead (25, 26). The unusual acid strength of this group in adenine 
has been explained by Taylor (42), who assumes that considerable contribu- 
tions to the structure occurs, not only from uncharged structures, but also 
from those in which there is a negative charge on the nitrogen atoms in the 
pyrimidine ring and a positive charge on those in the imidazole ring. This 
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distribution of charge would lower the pK,’s value from that characteristic 
of an uncharged —NH— group towards one characteristic of a charged 
—NtH= group. The respective values for these groups in benzimidazole 
are 12.3 and 5.3 and the observed value of 9.8 for adenine may thus be 
explained. Resonance structure of this type necessarily contains a single 
bond in the C;—C; position. In guanine, the dissociation of the imidazole 
—NH— group takes place in a molecule which already bears a negative 
charge in the region of the pyrimidine nitrogen atoms as a result of the 
dissociation of the —NH—CO— group. The corresponding resonance 
structures of guanine would therefore be expected to make a smaller con- 
tribution to the state of the guanine anion than is the case for the adenine 
molecule. From this argument, Taylor (42) concludes that the lengthening 
of the C,—C; bond in adenine relative to that in guanine is qualitatively 
accounted for. This argument has been criticized by Cochran (27) on the 
grounds that the resonance structures of the type considered by Taylor 
consistently make the bonds NgCsand N;C; single bonds and the bond N;Cx 
a double bond, whereas the x-ray data indicate that these bonds in adenine 
all possess 20 to 50 per cent double bond character. However, the correlation 
of bond lengths obtained from x-ray studies on a crystal with other proper- 
ties obtained from measurements made on a solution is not necessarily valid, 
since the influence of the different environments may produce different small 
changes in the molecule. In the present instance, the influence of the chloride 
ion, which exists close to the adenine ion in the crystal lattice, may produce 
significant effects. 

The group responsible for the acid dissociations of pK,’ 6 to 9 which 
appear in the oxypurines is not known with certainty. Existing evidence 
indicates clearly that it is to be associated with the presence of the 6-oxy 
group in guanine, hypoxanthine, and xanthine; the second oxy group in the 
2-position in xanthine does not give rise to a further dissociation in the pH 
range capable of titration in aqueous solution, the position being somewhat 
analogous to that of uracil. Ogston (38) considered that the acidic properties 
of xanthine do not depend on the —NH—CO— group in the 1- and 2- 
positions since substitution by a methyl! group in the 1 position does not 
greatly alter the pK,’, value of xanthine nor that of the 3-, 7-, and 9- 
monomethylxanthines. Furthermore, Tafel & Dodt (42a) found that the 
6-desoxyxanthines do not show any acidic properties which could not be 
ascribed to the imidazole —NH— group. Comparison of these compounds 
with the more aromatic xanthines, however, is not altogether justifiable 
since the —CH,.NHCONH — group in the desoxyxanthines is more aliphatic 
and perhaps comparable with urea. 

The actual form of the dissociating groups has been studied by Ogston 
(38) by electrometric titration in water and 90 per cent ethyl alcohol. In 
xanthine, the group is considered to be in the enolic form, and the structure 


is —N,==C,OH. In the 3-, 7-, and 9-methylxanthines, however, the zwit- 
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terionic form is considered to predominate, the acid dissociation being 
represented as that of an —N*+H= group in the imidazole ring. If this inter- 
pretation is correct, the second dissociation in the imidazole ring must be 
preceded, according to Taylor (40), by a tautomeric change, since Ogston 
(38) has shown that the —NH— group in the 1 position does not show acid 
properties in these molecules. 


NUCLEOSIDES 


Early work [see Levene & Bass (43)] had established that the nucleosides 
were N-D-ribosides and N-p-desoxypentosides of the purine and pyrimidine 
bases, after which they are named, and that, for the ribonucleosides, the 
sugar radical was in the furanoside form (44, 45, 46). The point of attach- 
ment of the glycosidic radical in cytidine and uridine was established as 
being at Ns by Levene & Tipson (47) and by Levene & Laforge (48). Similar 
methods used by Bredereck, Miiller & Berger (49) showed that in thymine 
desoxypentoside, the glycosidic radical was also attached at Ns. In the purine 
nucleosides, the early assumption that the position of attachment was Nz 
was corrected by a study of the ultraviolet absorption spectra of the nucleo- 
sides and the corresponding 7- and 9-methyl purines which established 
that the glycoside was attached at Ng» [Gulland & Holiday (50), Gulland, 
Holiday & Macrae (30), Gulland & Story (51)]. This work, although subse- 
quently confirmed in all details, gave only a very incomplete idea of nucleo- 
side structure. However, during the past five years all the main features 
of the structure of the ribonucleosides of yeast nucleic acid have been estab- 
lished through the synthetic work of Todd and collaborators. The identity 
of the dialdehydes produced through the oxidation by sodium metaperiodate 
of adenosine and adenine-9-8-p-glucopyranoside, of cytidine and cytosine-3- 
B-p-glucopyranoside, and of uridine and_ uracil-3-8-p-glucopyranoside 
enabled Davoll, Lythgoe & Todd (52) to confirm unambiguously the posi- 
tion of the glycoside on the purine and pyrimidine and, furthermore, showed 
that the glycoside linkage had the B-configuration. These conclusions were 
further confirmed by the synthesis of 3-8-p-ribofuranosidocytosine, which 
was found to be identical with natural cytidine [Howard, Lythgoe & Todd 
(53)], and of 9-8-p-mannopyranosidoadenine, which on oxidation with 
sodium metaperiodate yielded a fission product identical with that obtained 
by the same method from adenosine [Lythgoe, Smith & Todd (54)]. 9-8-p- 
ribofuranosidoadenine, identical with adenosine from yeast nucleic acid, 
has been synthesized by three separate routes [Davoll, Lythgoe & Todd 
(55); Kenner, Taylor & Todd (56); Davoll & Lowy (57)]; and 9-8-p-ribo- 
furanosidoguanine, identical with guanosine [Davoll, Lythgoe & Todd 
(58); Davoll & Lowy (57)], and 9-p-ribofuranosidoxanthine, identical with 
xanthosine [Howard, McLean, Newbold, Spring & Todd (59)], have also 
been synthesized. Further proof of the 8-configuration of the natural ribo- 
nucleosides is afforded by Clark, Todd & Zussmann (60) who by the toluene- 
p-sulphonylation of 2’,3’-isopropvlideneadenosine have prepared the iodide 
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of 2’,3’-isopropylidene-Ns—C,’-cycloadenosine in which a new ring has been 
formed by intramolecular alkylation. From molecular models, it is evident 
that the formation of the cyclonucleosides is only possible if the original 
nucleosides have the 8-con figuration. The methods of synthesis have recently 
been reviewed by Baddiley (61) and Michelson (62). 

The evidence for the structure of the desoxypentosenucleosides is much 
less complete [see Lythgoe (63)], although Brown & Lythgoe (64) have 
given a proof of the furanose structure of the natural 2-desoxyribonucleo- 
sides. 

The structure of cytidine has been determined by x-ray methods by 
Furberg (65, 66) and, in addition to confirming the furanose structure 
of the p-ribose, the point of attachment at N3, and the 8-configuration of 
the N3-glycosidic link, other information of considerable importance to the 
structure of nucleic acids has emerged. The six atoms of the pyrimidine ring 
lie in the same plane in agreement with the observations of Clews & Cochran 
(1, 2) and of Pitt (4) on some substituted pyrimidines (see above). The C.-—O 
distance is 1.25 A, identical with the value found by Pitt (4) for the corre- 
sponding bond in 2-hydroxy-4,6-dimethylpyrimidine, and the bond there- 
fore possesses considerable double bond character (C—OH, 1.36-1.37 A; 
C=O, 1.21 A). The bond from the ring to the amino group, Ce—N, is 
short (1.31 A), suggesting that it participates in the resonance of the 
pyrimidine ring. On the other hand, the bond, N;—Cy’, joining the pyrimidine 
to the sugar radical has a length of 1.47 A and is clearly a single bond. Four 
of the atoms of the p-ribose ring lie nearly in one plane, viz., C,’, O,’, C2’, 
and C,’, but the fifth atom of the ring C,’ is out of the plane by about 0.5 A. 

The central bond, N;—Cy’, lies in the plane of the pyrimidine ring and 
forms angles of 109° and 115° with the adjacent ring bonds in p-ribose. 
Contrary to the previous assumption that the two rings were parallel [see 
Astbury (67)], it is therefore evident that they are approximately perpendicu- 
lar. The bearing of this important result on nucleic acid structure will be 
discussed below. 

Preliminary x-ray investigations have also been carried out by Furberg 
on uridine, adenosine, and guanosine (68). From the resemblance of the cell 
dimensions of uridine to those of cytidine, it is concluded that the stereo- 
chemistry of the two molecules are very similar. The data on adenosine 
confirms that the glycoside linkage is at Ny and is of the B-type. The direc- 
tion of the Ng—C,’ bond connecting the two ring systems was considered 
by Hendricks (69) and Astbury (67) to form an angle with the plane of the 
purine so as to make the purine and p-ribose rings parallel. As Furberg has 
shown in cytidine the corresponding bond lies in, or very nearly in, the 
plane of the pyrimidine ring and the considerable resonance in the adenine 
molecule would suggest that this is also true for adenosine. If so, the two 
rings will be nearly perpendicular to each other as in cytidine. Although the 
existing data does not definitely exclude other configurations, this structure 
appears to give the most satisfactory explanation of the available data. 
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The data of Hendricks (69) can be reinterpreted on the basis of this model. 
Gulland, Barker & Jordan (70) pointed out that, in the structure proposed 
by Hendricks, the sugar was a-lyxose and not D-ribose and, in the structure 
proposed by Furberg, two parallel planes approximately 1.5 A apart can 
be recognised, one containing the purine ring and C,’, C,’, and C,’, the other 
passing through C,’, C;’, and O,’ (68). Furberg (68) concludes that guanosine 
has a similar structure to adenosine; the detailed structure, however, has 
not been obtained. 

The interpretation of the infrared and ultraviolet absorption spectra of 
the nucleosides has not yet progressed to a stage where such studies are 
helpful in structural determination. Blout & Fields (71) have obtained the 
infrared spectra of adenosine, guanosine, and xanthosine and also of p- 
ribose; all the spectra are characterized by intense absorption bonds corre- 
sponding to N—H and O—H stretching vibrations (3) and to C=C, C==N, 
and C=O stretching vibrations (64), and other bonds (perhaps useful for 
analytical purposes) were observed at longer wavelengths. A comparison of 
the ultraviolet absorption spectra of thymine and thymidine has been 
made by Stimson & Reuter (19), and a shift of Amax with pH observed. This 
is most probably due to a change in the degree of ionization rather than 
in the keto-enol equilibrium as suggested by these authors. By a comparison 
of the ultraviolet absorption spectra of uracil and uridine and their change 
with pH, Ploeser & Loring (72) conclude that substitution at N; of the pyrim- 
idine ring, as in uridine, decreases the aromatic nature of the pyrimidine 
ring. The ultraviolet spectra of adenosine and guanosine [Holiday (73)], 
adenine and guanine desoxypentosides [Gulland & Story (51)], and thymi- 
dine, cytosine, and hypoxanthine desoxypentosides [Manson & Lampen 


TABLE II 
pK,’ VALUES oF NUCLEOSIDES AND NUCLEOTIDES 











pKa,’ pK,’ pK,’ — | - 

Adenosine 3.45* 12.5 31, 32 
Guanosine 1.6* 9.16 12.3 31, 32 
Cytidine 4.22* 12.3 31, 32 
Uridine 9.17*f, 9.30f 12.54 31, 32, 78 
Inosine 8.75* 12.33 31, 32 
Xanthosine 6.0* 38 
Adenylic acid 0.89* 3.70¢,3.74f 6.01f, 6.04} 31, 32, 78 
Guanylic acid 0.7* 2.307,2.49¢ 5.92,6.05f 9.38f,9.33}f 31,32, 78 
Cytidylicacid 0.8* 4.24f,4.22t 5.97t,6.07f 31, 32, 78 
Uridylic acid 1.02* 5.88 9.43 31 





* Denotes the relative position of the isoelectric region. 
t Results of Levene & Simms (31, 32). 
t Results of Fletcher (78). 
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(74)] have also been measured with a view to characterization for analytical 
purposes. 

The pK,’ values of the nucleosides (Table II) correspond closely to those 
of the parent purines and pyrimidines. There is, however, a general tendency 
for the pK,’ values to be lowered, i.e., the acid dissociations to be strength- 
ened, which is presumably due to the inductive effect of the sugar hydroxyl 
groups. Except in the case of xanthosine, which has not been studied to a 
sufficiently high pH value, an additional dissociation is observed of pK,’ 
12.3 to 12.6 which is of the correct order for the first acid dissociation of a 
sugar. No data is available for p-ribose, but glucose has a pK,’ value of 12.1 
[Hirsch & Schlags (75)]; Urban & Shaffer (76); Urban & Williams (77)]. 


NUCLEOTIDES 


In the ribonucleotides, the location of the phosphoryl group may be at 
C,’, C3’, or Cs’ and in the desoxypentosenucleotides at C;’ or Cs’, and there- 
fore in both classes of compound the possibility of isomerism exists. For 
many years, however, it was generally accepted that only four nucleotides 
could be isolated from the chemical hydrolysates of ribonucleic acids. The 
location of the phosphoryl group in yeast adenylic and guanylic acids was 
studied by Levene & Harris (79, 80), who on the basis of degradative work 
concluded that these nucleotides were the 3’-phosphates of the corresponding 
nucleosides. By analogy, the pyrimidine nucleotides were assumed to be 
3’-phosphates also. An attempt to confirm these conclusions by an unam- 
biguous synthesis of the nucleoside-3’ phosphates was made by Michelson 
& Todd (81), who obtained adenylic and uridylic acids identical with the 
natural products. However, their synthetic route involved as the key 
intermediate the benzylidene nucleosides which had been formulated 
incorrectly as 3’,5’-benzylidene derivatives by Guiland & Overend (82) 
from the earlier tentative conclusions of Bredereck & Berger (83). These 
compounds have now ‘been shown unambiguously by Brown, Haynes & 
Todd (84) to be in fact the 2’,3’-benzylidene derivatives. The synthesis of 
the so-called 3’-phosphates by Michelson & Todd (81) was therefore am- 
biguous, and although nucleotides identical with the natural products 
were obtained, these may equally well have been the 2’-phosphates. The same 
benzylidene derivatives were used by Gulland & Smith (85, 86) and by 
Michelson & Todd (81) to prepare, by direct phosphorylation, nucleotides 
which were originally formulated as 2’-phosphates, but which, in view of the 
work of Brown, Haynes & Todd (84), must now be regarded as 5’-phosphates. 

The problem of the synthesis of each of the isomeric nucleotides has 
been made more urgent by the work of Carter & Cohn (87), who by ion 
exchange chromatography have succeeded in separating from the alkaline 
hydrolysate of yeast nucleic acid, two isomeric adenylic acids, which they 
have termed a and b. This observation represents an important advance 
in nucleic acid chemistry and has considerable bearing on the nature and 
position of the phospho-ester linkage. The resolution of yeast adenylic 
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acid into two isomers has been confirmed by Carter (88) and Lenthardt & 
Exer (89), and resolution has also been obtained for guanylic, cytidylic, 
uridylic, and inosinic acids [Cohn (90, 91); Loring, Luthy, Bortner & Levy 
(92); Loring and Luthy (93)]. The separation of the isomers of the nucleo- 
tides has been recently reviewed by Cohn (94). Carter & Cohn (87) and 
Carter (88) degraded the isomeric adenylic acids a and b to adenosine and 
adenine and suggested that they were adenosine-2’ and adenosine-3’-phos- 
phates. Adenosine-5’-phosphate was excluded on enzymic and chemical 
evidence, and this has been confirmed by Brown, Haynes & Todd (84) by 
demonstrating that both isomers are stable to periodic acid oxidation. The 
conclusion of Carter & Cohn (87) that adenylic acid b was adenosine-3’ 
phosphate rested entirely on its identity with the previously known and 
synthetically available yeast adenylic acid; the synthetic routes to this 
material, however, do not fix the location of the phosphoryl group [Barker 
& Gulland (95); Michelson & Todd (81)]. 

The difference in the location of the phosphate group is not the only 
form of isomerism possible and they might differ by the a,8-isomerism of 
the glycosidic linkage. This view appears to be favored by the work of 
Doherty (96) who prepared the ribitolphosphates for both adenylic acid 
a and b (as well as from the guanylic isomers) and found both to be optically 
inactive, which was regarded as evidence that both were derived from 
riboside-3’-phosphates [see Levene & Harris (79, 80)]. This view has been 
criticized by Brown & Todd (97), whoby phosphorylation of 5’-trityladenosine 
with dibenzylchlorophosphonate followed by removal of the protecting 
groups, obtained two nucleotides, identical in all respects (ion exchange and 
paper chromatographic behavior, x-ray powder photographs, and infrared 
absorption spectra) with the isomeric adenylic acids a and 6b derived from 
ribonucleic acids. The production of only two isomeric acids is strong pre- 
sumptive evidence for their formulation as the 2’- and 3’-phosphates; 
moreover, only one adenosine, having the 8-configuration, is obtained from 
both isomers, and no example of a,8-isomerism among the natural nucleo- 
sides has ever been observed. Furthermore, Brown & Todd (97) have ob- 
served that the adenylic acids a and b readily undergo interconversion in 
dilute acid to an equilibrium mixture containing approximately equal 
quantities of each isomer. Such a conversion is unlikely to result from a,f- 
isomerism since in that case one form, being the more stable, would be 
expected to predominate [Howard, Kenner, Lythgoe & Todd (98)]. Brown 
& Todd (97) thus conclude that all the properties of adenylic acids a and b 
(and equally those of the other isomeric nucleotides) are explained on the 
basis that they are 2’- and 3’-phosphates and that their interconversion in 
acid solution is due to facile phosphoryl migration, such as occurs in the 
glycerol monophosphates (99, 100), and which is discussed below. 

The present position, therefore, is that, whereas it appears fairly certain 
that the a and b isomers are the 2’- and 3’-phosphates of the corresponding 
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nucleoside, it is not known whether the a isomer is the 2’- or the 3’-phosphate. 
It would appear that the problem may only be resolved by the unambiguous 
synthesis of either a 2’- or 3’-phosphate, and this has not yet been carried 
out. Doherty, Carter & Cohn (101, 102), nevertheless, may have produced 
evidence which establishes the ribonucleotide 5 as the 3’-phosphate. Unam- 
biguous syntheses have been recorded only for the 5’-phosphates: adenosine- 
5’-phosphate has been synthesized by Baddiley & Todd (103), Levene & 
Tipson (104), and Bredereck, Berger & Ehrenberg (105); uridine-5’-phos- 
phate by Levene & Tipson (106) and Michelson & Todd (81); and guano- 
sine-5’-phosphate and cytidine-5’-phosphate by Michelson & Todd (81). 

Although the 2’- and 3’-phosphates are the only isomers that have been 
isolated from the alkaline hydrolysates of yeast nucleic acid, Cohn & Volkin 
(107) have recently isolated a 5’-phosphate from the enzyme hydrolysate of 
calf liver ribonucleic acid. 

The preparation of the desoxynucleotides has been attempted by 
Volkin, Khym & Cohn (102) with a view to investigating the isomerism 
of the desoxynucleotides. In view of the difficulty with which desoxyribo- 
nucleic aeids undergo chemical hydrolysis, the degradation was carried 
out enzymatically using desoxyribonuclease and alkaline intestinal mucosa. 
Examination of the hydrolysate on an ion exchange column showed no evi- 
dence of the isomerism of the individual desoxynucleotides. The desoxy- 
ribonucleotides were readily separated from mixtures with ribonucleotides 
a and b but not from a mixture with adenosine-5’-phosphate and, further- 
more, they were acted on by a specific 5’-phosphatase. This evidence 
points strongly to the structure of a 5’-phosphate for these nucleotides as 
so prepared, in marked contrast to the previously accepted formulation of 
the desoxypentose nucleotides as 3’-phosphates by analogy with the ribo- 
nucleotides, which in view of the isomerism of the latter is clearly an un- 
justified assumption. Further evidence for the 5’-phosphate structure of the 
desoxypentosenucleotides obtained by enzymic hydrolysis has been given 
by Carter (108). 

The introduction of the phosphoryl group into the nucleoside causes 
little shift in the ultraviolet absorption spectrum [Ploeser & Loring (72)] 
but appreciable differences occur in the infrared spectrum [Blout & Fields 
(71)]. These spectra cannot, however, be interpreted in terms of specific 
vibrations but the infrared spectra of adenylic, cytidylic, and guanylic 
acids are sufficiently different to make them useful for identification pur- 
poses. 

The pK,’ values of the ribonucleotides obtained from yeast nucleic acid 
are given in Table II. Comparison with the respective nucleosides shows 
that the dissociating groups of the latter are supplemented by two additional 
dissociations having pK,’ values of 0.7 to 1.0 and 5.9 to 6.0. These are of 
the correct order for the first and second dissociations of a sugar phosphate; 
ribose-3-phosphate has not been studied, but the analogous glucose-3- 
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phosphate has pK,’ values of 0.84 and 5.67 [Meyerhof & Lohmann (109)], 
and similar values have been obtained for other sugar phosphates [Kumler 
& Eiiler (110)]. 

The assignment of the pK,’ values to the various groups is best carried 
out by reference to the data for the corresponding nucleosides and the 
sugar phosphates. The following are the relevant values for adenylic acid: 
adenosine, pK,’ 3.45; sugar phosphates, pK,’ 0.8 to 1.1, pK,’s 6.0 to 6.5; 
adenylic acid, pK,’; 0.89, pKa’: 3.70, pKa’s 6.01. The pK,’; value of adenylic 
acid is clearly that of a primary phosphoric acid dissociation, pK,’:an amino 
(—NtH;) dissociation, and pK,’; a secondary phosphoric acid dissociation. 
In the isoelectric region, therefore, adenylic, guanylic, and cytidylic acids 
will exist very largely in the zwitterion form. It is therefore to be expected 
that the nucleic acids will behave similarly. The values for K, for the nucleo- 
tides, where 


+ a 
[HsNROPO - (OH)O] 

~ TH:NROPO-(OH):) ’ 

have been calculated [Jordan (111)], assuming that only the primary phos- 

phory! group and the amino group are important in determining the position, 

of the isoelectric region and the value of K,, and that the constant for the 

dissociation 


K, 





+ 
H;NROPO(OH): + H:O = H:NROPO(OH): + H;0* 
is identical with that for the nucleoside, 


+ 
H;NR + H,O = HNR + H;0*. 


The values of K, so calculated are: guanylic acid 7, adenylic acid 3.63 X10*, 
and cytidylic acid 2.63 X 10%. With guanylic acid, therefore, the concentration 
of the uncharged form in the isoelectric region is appreciable (12.5 per cent), 
but with adenylic and cytidylic acids the concentration of this form is 
negligible. 

It is evident from Table II that the introduction of the negatively charged 
phosphate ion into the nucleoside produces a weakening of the acid strength 
of the amino and —NH—CO— dissociations. This behavior will be due to 
the field effect (112). The quantitative treatment of Kirkwood & Westheimer 
(36, 37) has been applied to the nucleotides [Jordan (111, 113)], and the dis- 
tances between the charged groups calculated. The identity of the pK,’ 
values of the amino group in cytidine and cytidylic acid (Table II) is not 
in agreement with theory. 


PENTOSENUCLEIC ACIDS 


It will be convenient to discuss the structure of the ribonucleic acids 
and that of the desoxypentosenucleic acids separately, first, because it 
has become clear that their structures are in fact different in certain impor- 
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tant respects, and second, because the structural studies of the two acids 
have in general developed along somewhat different lines. 

Although most of the studies of pentosenucleic acids have been confined 
to yeast ribonucleic acid, the preparation of pentosenucleic acids from 
other sources, e.g., pancreas (114 to 116), mouse liver cells (117, 118), 
fowl sarcoma (119), virus (120, 121), rabbit and rat liver, mouse liver and 
hepatoma, calf liver, spleen, thymus, and pancreas (122) have recently 
been recorded. Of particular interest is the general method of preparation 
of mammalian ribonucleic acids developed and applied to several tissues by 
Volkin & Carter (122) in which the desoxypentosenucleic acid is first re- 
moved as the nucleic acid-protein complex and the ribonucleic acid then 
precipitated from a cold, 2 M solution of guanidine hydrochloride in which 
most of the remaining protein is soluble. With these preparations, concen- 
trations as high as 2 per cent failed to react with diphenylamine. The main 
aspect of this method, apart from the purity of the product, is the mildness 
of the procedure and the high molecular weight of the product. The nucleic 
acid obtained by Markham & Smith (121) from turnip yellow mosaic 
virus was also shown to be a highly polymeric pentosenucleic acid, and 
these preparations open up the possibility of macromolecular studies on 
this type of nucleic acid. 

The analysis of pentosenucleic acids for the determination of the relative 
amounts of the nucleotides present after chemical or enzymatic degradation 
of the nucleic acid has aroused considerable attention since first introduced 
by Hotchkiss (29) and Vischer & Chargaff (123, 124). Modifications of the 
original method have been introduced by Markham & Smith (125, 126), 
and the method has been applied to the estimation of very small quantities 
of nucleotides [Magasanik, Vischer, Doniger, Elson & Chargaff (127)] and 
to the analysis of nucleic acids of the nucleus and cytoplasm [Marshak 
(128)]. The main contributions of this method to the determination of the 
structure of nucleic acids have been the examination of the isomeric nucleo- 
tides by Carter (88), which has been discussed above, the detection of 
nucleoside-5’-phosphates in the enzyme hydrolysate of calf liver pentose- 
nucleic acid by Cohn & Volkin (107), and the analysis of enzyme hydroly- 
sates during hydrolysis. The implications of these observations to the 
structure of ribonucleic acid will be discussed below. Other methods which 
have been employed for the analysis of mixtures of hydrolysis products are 
countercurrent distribution [Tinker & Brown (129)], which has been utilized 
by Bacher & Allen (130) for nucleotide separation and for which statistical 
procedures have been given by Bacher (131), and ionophoresis, which has 
been applied by Smellie & Davidson (132) for the separation of nucleotides. 

The molecular weights which have been recorded for pentosenucleic 
acids vary from 1.3110" to 2.9X10* according to the source, method of 
preparation, and method of measurement. The low value of 1.31 X10* was 
obtained by Myrbiack & Jorpes (133) and for many years was the main 
evidence for the “‘tetranucleotide hypothesis," now long discarded. Their 
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results have been severely criticized by Fletcher (78) who pointed out that 
these authors used an electrolyte solution of only 1 per cent as solvent, 
whereas Fletcher, Gulland, Jordan & Dibben (134) found a concentration 
of 5.8 per cent of sodium chloride to be necessary before the diffusion coeffi- 
cient became constant; furthermore, the empirical equation for the calcula- 
tion of the molecular weight used by Myrbick & Jorpes had only been 
confirmed for substances with molecular weights up to those of hexoses, 
i.e., 180. A recalculation of Myrback & Jorpes’ data (133) has been made 
by Fletcher (78), who obtained the value of 610°. Molecular weights for 
several pentosenucleic acids have been recorded by Delcambe & Desreux 
(135) and for yeast nucleic acid by Watanabe & Iso (136-139). The majority 
of these determinations however, have been carried out on polydisperse 
solutions, and it is evident that an analysis for heterogeneity and a fractiona- 
tion should be made prior to such determinations. Delcambe (140) and 
Ghuysen (141) [see also Desreux (142)] have carried out such analyses by 
means of solubility, and Bacher & Allen (143) combined solubility and 
sedimentation measurements in order to characterize certain pentosenucleic 
acids. It is, however, becoming increasingly evident from studies of the 
sedimentation and diffusion of simple polyelectrolytes (144, 145) that the 
sedimentation constant and the diffusion constant vary considerably with 
concentration and the ionic strength of the solvent. All values of the molecu- 
lar weight of nucleic acids, therefore, which have been determined from 
isolated sedimentation and diffusion constant determinations, must be re- 
garded as unreliable, and even where an extrapolation to infinite dilution 
has been made, the value so obtained may not give a true molecular weight 
in view of the possible complex nature of the variation of the sedimentation 
and diffusion coefficients with concentration (144, 145). 

On the basis of their studies of the solubility, sedimentation constant, 
and electrophoretic mobility, Delcambe & Desreux (135), Delcambe (140), 
and Ghuysen (141) conclude that the pentosenucleic acids of yeast, pan- 
creas, Escherichia coli, and malt are physically very similar. The values of the 
electrophoretic mobility recorded by them closely agree with those given by 
Watanabe & Ui (146). 

There are two major problems concerning the structure of nucleic acids 
on which information is essential before we can attempt to form a picture 
of the structure; first, the structure of the molecule, whether straight or 
branched, and second, the nature of the internucleotide linkage. Important 
information on these problems has accumulated and some considerable 
progress can be reported. 

The results of electrometric titration of yeast nucleic acid have been 
interpreted in terms of a branched chain structure. Allen & Eiler (147) were 
the first to observe that the titration curve indicated the presence of three 
amino groups and one group titrating in the range pH 5.0 to 7.5, which they 
regarded as a primary phosphoric acid group which had been weakened by 
the ionization of the remaining phosphoryl dissociations. This appeared 
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unlikely since the field effect would not predict such a large change as from 
pK,’ 0.8 to pK,’ 6.0. Fletcher, Gulland & Jordan (148), who obtained 
titration curves very similar to those of Allen & Eiler, interpreted their 
data as indicating the presence of three amino groups, one secondary 
phosphoric acid group and two —NH—CO— dissociations, and three pri- 
mary phosphoric acid dissociations for every four atoms of phosphorus. 
These conclusions were substantiated by the titration of the deaminated 
acid. The shape of the electrometric titration curve has been confirmed by 
several workers [Chantrenne (149); Chantrenne, Linderstrgém-Lang & 
Vandendriessche (150); Vandendriessche (151); Khouvine & Grégoire (152); 
Zittle (153); Wiener, Duggan & Allen (154); Cavalieri, Kerr & Angelos 
(155)] who have generally interpreted their results in the same way. In 
order to obtain a secondary phosphoric acid dissociation, it is necessary to 
postulate a tertiary esterified phosphoric acid group although there is no 
general agreement as to the amount of this group (153, 154, 155) which 
may be present. On the basis of these data and in view of the presence in 
a free (i.e., titratable) form of the amino and —NH—CO— groups, Fletcher, 
Gulland & Jordan (148) proposed the formulae I and II in which the phos- 
phoester link is the main (but not necessarily only) internucleotide linkage. 
It is not possible at present to say to which nucleotide the triply esterified 
phosphorus atom belongs; Cavalieri, Kerr & Angelos (155) in ascribing it to 
uridylic acid have made the same mistake as Fletcher, Gulland & Jordan 
(148), a view later corrected by Gulland, Jordan & Taylor (156), in that they 
have regarded the nucleotides containing amino groups as being in the 
uncharged, i.e., nonzwitterionic, form (see Table IT). 
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The conclusions derived from electrometric titration data have been 
confirmed by the dye absorption studies of Cavalieri, Kerr & Angelos (155) 
and Cavalieri, Angelos & Balis (157). In their studies of the adsorption of 
rosaniline by pentosenucleic acid, using the method of equilibrium dialysis, 
they found that their results did not follow the simple equation r/c=kn—kr 
(where r is the amount of dye bound per mole of nucleic acid, c is the equi- 
librium concentration of dy2, n=rmax and & is the binding constant), but it 
was found necessary to assume two types of binding sites in the nucleic 
acid when the equation r/c=mk,/(1+k:c)-+-meke/(1+sc) was found to 
describe the experimental results. Since rosaniline is a cationic dye it will 
be adsorbed only at negatively charged sites. At neutral pH, the sites of this 
type in nucleic acid are the phosphoric acid dissociations. Cavalieri, Kerr & 
Angelos therefore conclude that the two types of sites are the secondary and 
primary phosphoric acid dissociations. A further possibility of testing these 
structures lies in the different stability of the tertiary and secondary esters 
of phosphoric acid towards alkaline reagents [Kosolapoff (158)]. The alkaline 
hydrolysis constants have been given by Cavalieri (159) as being about 
3.5X10~min.— for the reaction triester phosphate—-diesterphosphate and 
about 2.9X10-*min.—' for the reaction diester phosphate—monoester 
phosphate. The results of a kinetic study [Cavalieri (159)] of the alkaline 
hydrolysis of yeast ribonucleic acid suggests that there are at least two 
types of phosphate linkage one more labile than the other. The analysis 
of the kinetic data is, however, difficult in view of possible differences in 
the rate of hydrolysis of bonds between different nucleotides, and Cavalieri 
did not consider it justifiable to relate the two types of linkage definitely to 
the tri- and diester phosphates. The acid hydrolysis of nucleic acid is more 
complex since hydrolysis of the monoester also occurs. In their study, how- 
ever, Bacher & Allen (160) do not consider the possibility of a triester 
linkage and interpret their data in terms of the consecutive reaction diester 
phosphate—monoester phosphate phosphate. 

Cavalieri, Kerr & Angelos (155) observed that, in the titration of nucleic 
acids and of enzyme-treated nucleic acids, fewer equivalents of alkali were 
required between pH 8.0 and 12.0 than are predicted on the basis of the 
guanine and uracil content, and they thus conclude that a linkage between 
a phosphoryl group and an —NH—CO— group of uracil or guanine occurs, 
viz., alr al Pend It must be remembered, however, that accurate 


determination of groups by titration to pH 12, especially when employing 
the glass electrode is not possible, owing to the large value and uncertainty 
of the water correction. Wiener, Duggan & Allen (154) observe the opposite 
effect, viz., that the number of —NH—CO— groups obtained by tritration 
is greater than that given by analysis. 

The implications of the isolation of the isomeric nucleotides from alkaline 
hydrolysates of yeast ribonucleic acid by Carter & Cohn (87) has been 
fully discussed by Brown & Todd (161). It has been shown above that the 
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nucleotides a and } are the 2’- and 3’-phosphates. Both isomers are readily 
converted in dilute acid to a mixture of each (84, 91), but are stable in alkali 
(97). Brown & Todd (161) point out that this behavior is similar to that of 
the glyceryl phosphates. Thus, a-glyceryl phosphate, which is unaffected 
by alkali is rearranged in acid solution to give an equilibrium mixture of the 
a- and B-glyceryl phosphates [Bailly (162, 163); Verkade, Stoppelenburg & 
Cohen (100)]. This rearrangement has been shown by Chargaff (165) to be 
intramolecular, and it was postulated that the phosphoryl migration occurs 
through an intermediate cyclic phosphate ester (III; R==H) although the 
substance was not isolated. Furthermore, whereas the a-glyceryl phosphate 
is stable to alkali, methyl-a-glycery] phosphate is readily hydrolyzed under 
alkaline conditions to methanol and a mixture of a- and 8-glyceryl phos- 
phates, it being particularly significant to the argument that no methyl 
phosphate is produced [Bailly & Gaumé (164)]. Brown & Todd conclude 
that the prerequisite for alkaline hydrolysis of a diester of phosphoric acid 
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is the presence of a hydroxyl group in close proximity to the phosphoryl 
group, the mechanism for the hydrolysis involving the formation of a 
neutral cyclic phosphotriester. Although in this intermediate the three 
ester linkages are of comparable reactivity, only by fission of the bond re- 
taining the singly-linked substituent can degradation of the molecule occur. 
Brown & Todd (161) have been able to show that complete accord exists 
between the reactions of the nucleotides and those of the glyceryl phosphates 
and therefore consider that the isomerization of the nucleotides involves the 
analogous cyclic intermediate IV, which are accessible substances (166). 
The importance of the neighboring hydroxyl groups in causing lability 
of the diesters of phosphoric acid containing glycerol or ethylene glycol 
residues had previously been emphasized by Féno (167) who had also con- 
sidered the possibility of the existence of a cyclic triester as the intermediate 
during hydrolysis. Féno, furthermore, had also applied these ideas to the 
mechanism of the hydrolysis of nucleic acids and put forward the view that 
the alkali-lability of ribonucleic as compared with the alkali-stability of 
desoxypentosenucleic acid could be attributed to the hydroxy group at C; 
present in the former. Brown & Todd (161) have extended these ideas and 
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conclude, on the evidence of the alkali lability and of the isolation of the 
nucleoside 2’- and 3’-phosphates from alkaline hydrolysates, that the 
possible modes of linkage in ribonucleic acids are C;'/—C,’, C.’/—C,’, C.’/—C,’ 
or mixed C,’—C,’ and C;’—C;’. The C;’—C,’ linkage is ruled out in view of 
its probable alkali-stability owing to the absence of an adjacent free hydroxy] 
group. This view is confirmed by the observation of Gulland & Smith (168), 
who prepared a dinucleotide, believed by them to be diuridine-2’,2’-phos- 
phate, but subsequently shown by Brown, Haynes & Todd (84) to be the 
diuridine-5’,5’-phosphate, which was stable to acid and alkali under condi- 
tions which produce hydrolysis of ribonucleic acid. 

Further information on the location of the phosphoester groups in the 
ribonucleic acids comes from enzyme studies. Early work by Takahashi 
(169), Klein & Rossi (170), and Gulland & Jackson (171), using specific 
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5’-nucleotidase, had suggested that the C;’ was involved in the internucleo- 
tide linkage. This view has now been confirmed by the isolation of the 
nucleoside-5’-phosphates by Cohn & Volkin (107) from the hydrolysate 
obtained on treating calf liver ribonucleic acid successively with ribonuclease 
and intestinal phosphatase in the presence of arsenate to inhibit the phos- 
phomonoesterase. It can thus be concluded with some certainty [see Brown 
and Todd (161)] that the main internucleotide linkage is between Cs’ and 
C,’ or C;’ in agreement with the prediction of Astbury (67) from packing 
considerations. A decision between C,’ and C;’ as the second point of attach- 
ment cannot yet be made, although C;’ is perhaps to be preferred (67). 
On this picture of ribonucleic acid we may represent the polynucleotide 
chain (backbone) as V with the formation of the intermediate VI as the 
initial step in the hydrolysis, rupture occurring at the position represented 
by the dotted line (161). 

The action of ribonuclease yields further information on the structure 
of ribonucleic acid. Early work had given apparently conflicting results. 
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Loring & Carpenter (172) had obtained purine and pyrimidine nucleotides 
from ribonuclease digestion of ribonucleic acid, whereas Schmidt & Levene 
(173), Kunitz (174), Allen & Eiler (147), and Fischer, Béttger & Lehmann- 
Echternacht (175) had isolated polynucleotides. Recent extensive work on 
the action of ribonuclease on ribonucleic acids has shown that the ratio of 
the dialyzable purine to pyrimidine. constituents in the hydrolysate in- 
creased during the course of the reaction [Bacher & Allen (176)]. Of more 
direct significance is the identification of a nondialyzable “limit polynucleo- 
tide” which is not acted upon by ribonuclease and which contains most of 
the purine groups of the original nucleic acid, pyrimidine nucleotides having 
been split off preferentially as mononucleotides by the ribonuclease [Schmidt, 
Cubiles, Swartz & Thannhauser (177); Loring, Carpenter & Roll (178); 
Kerr, Seraidarian & Wargon (179); Carter & Cohn (180); Boulanger, Mon- 
treuil & Masse (181); Markham & Smith (182); Schmidt, Cubiles, Zéllner, 
Hecht, Strickler, Seraidarian, Seraidarian & Thannhauser (183)]. The 
conclusions and implications of these results have been discussed by Char- 
gaff (184, 185), Schmidt, Cubiles & Thannhauser (186), and Magasanik & 
Chargaff (187). On permitting the reaction between ribonuclease and ribo- 
nucleic acid to go to completion it is found that three broad groups of 
enzymatic breakdown product can be distinguished: (@) mononucleotides, 
(b) diffusible (dialyzable) polynucleotides of low molecular weight, and 
(c) a nucleic acid residue of molecular weight comparable to that of the 
original ribonucleic acid which has been termed the “‘limit polynucleotide” 
in view of its resistance to ribonuclease. Examination of these three groups 
by the methods of ion exchange and paper chromatography lead to the 
following important conclusions concerning their nature: 

(a) The mononucleotides liberated by enzyme action consist only of 
cytidylic and uridylic acids and represent a high proportion of the total 
pyrimidine nucleotides and nearly all the uridylic acid present in the original 
ribonucleic acid; purine nucleotides are not found in this fraction. (6) The 
diffusible polynucleotides consist of combined purine and pyrimidine 
nucleotides and contain a large proportion of the total adenylic acid, a 
smaller proportion of the guanylic acid, together with small quantities of 
cytidylic and uridylic acids. (c) The “limit polynucleotide’ contains most 
of the guanylic acid of the nucleic acid and the ratio of guanylic acid to other 
nucleotides is approximately 2:1. Magasanik & Chargaff (187) put forward 
two possible hypotheses to explain these observations. First, the ribonuclease 
may specifically hydrolyze bonds between pyrimidine nucleotides only, or 
second, the enzyme can hydrolyze all bonds except those involving guanylic 
acid. Magasanik & Chargaff prefer the latter explanation in view of the 
fact that all fractions rich in guanylic acid are resistant to ribonuclease 
and that the ribonucleic acid from pancreas which contains an unusually 
high proportion of guanylic acid (188) is resistant to ribonuclease. If this 
view is correct the “limit polynucleotides” must have one of the structures 
represented diagrammatically in VII or VIII (where G=guanylic acid and 
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X=any nucleotide except guanylic acid), or a combination of these two 
forms. In the ribonucleic acid, however, the enzyme evidence strongly 
suggests that the pyrimidine nucleotides are present in side chains, and 
from the amount of the pyrimidine nucleotides so linked it is evident that 
the side chains occur at frequent intervals. Magasanik & Chargaff (187) 
give the picture of the nucleic acid structure as IX or X, in which 
G=guanylic, A=adenylic, C=cytidylic, and U =uridylic acids, and bonds 
broken by enzymatic hydrolysis are shown by a broken line. 
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The enzymic evidence for the structure of ribonucleic acid fits in well 
with the structure V proposed by Brown & Todd (161). This structure now 
represents the structure of the “limit polynucleotide” and with the addition 
of the side chains yields the structure XI (161). Linkage of C,’ in the main 
chain must be to C;,’ or C,’ in the side chain, since if the linkage was to C,’ 
in the side chain, an alkali-stable structure would result since cyclization is 
impossible. 
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This view of the nucleic acid structure has been confirmed by Anderson, 
Barker & Lock (189) by methylation of yeast ribonucleic acid, without 
producing degradation, followed by acid hydrolysis and quantitative 
examination of the carbohydrate residues by paper chromatography. 
Three fractions were identified, ribose, dimethylribose and monomethyl- 
ribose in the ratio 1.1:1:1.4 to 2.8. It is evident from structure XI that those 
residues marked r will on hydrolysis give ribose, those marked m, mono- 
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methylribose, and those marked d, dimethylribose. The ratio of ribose to 
dimethylribose of 1.1:1 is in complete agreement with XI but does not 
necessarily limit the side chain to a single nucleotide as there will always 
be a residue giving dimethylribose at the end of each side chain; the increased 
amount of monomethylribose either indicates that a single nucleotide is 
attached every 2 or 3 nucleotides or that the side chains are more than one 
nucleotide long. The fact that the relative value of monomethylribose has 
a maximum value of only 2.8 shows that, at the most, the side chain cannot 
be more than four nucleotides long even if a side chain occurred at every 
nucleotide in the backbone, which is unlikely. 

As pointed out by Brown & Todd (161) and by Anderson, Barker & 
Lock (189), there is no marked difference between formula XI and those 
showing the triply esterified phosphorus atom (I and II) necessary in order 
to explain the base-binding properties. In fact all the findings of Anderson, 
Barker & Lock (189) could equally well be explained on the basis of formula 
II, which would yield the same ratio of ribose to dimethylribose with the 
proportion of monomethylribose depending upon the number of nucleotides 
occurring between each triply esterified phosphorus atom. There are, how- 
ever, certain objections to these formulas in that I would yield no dimethy]- 
ribose on methylation, and II possesses no side chains as are clearly de- 
manded by the enzyme evidence. We therefore conclude that a combination 
of formulas I, II, and V is required in order to satisfy all the evidence so 
far obtained. The resultant formula for ribonucleic acid is represented by 
XII (R=purine or pyrimidine). The incorporation of triply esterified 
phosphorus into the molecule does not alter the arguments of Brown & 
Todd (161), since as they point out, such a grouping would be alkali labile. 
The problem of the nucleotide sequence in the “‘limit polynucleotide” and in 
the side chains and the positions of the side chains on the backbone remains. 


DESOXYPENTOSENUCLEIC ACIDS 


The isolation of a highly polymerized desoxypentosenucleic acid is 
much simpler than that of a pentosenucleic acid, and such preparations may 
resemble in certain respects the nucleic acid in the cell where it is combined 
as nucleoprotein. It is not surprising therefore that studies of the desoxy- 
pentosenucleic acids have been directed towards a study of their macro- 
molecular properties, e.g., their size and shape in solution rather than 
towards the detailed chemical structure. 

The methods of extracting desoxypentosenucleic acids are generally 
based on the method of preparing the nucleoprotein introduced by Mirsky & 
Pollister (190). The separation of the nucleic acid and protein is then ob- 
tained either by saturating the solution of nucleoprotein with sodium chlo- 
ride, when the protein is precipitated [Hammarsten (191)] or by emulsifica- 
tion with chloroform [Sevag, Lackmann & Smolens (192); Gulland, Jordan 
& Threlfall (193)]. Modifications have been made in this procedure in which 
the nucleoprotein is precipitated as the calcium salt before separation of the 
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nucleic acid by saturation of the solution of the calcium salt with sodium 
chloride [Taylor, Greenstein & Hollaender (194); Cosgrove & Jordan (195)}. 
The degradation of the desoxypentosenucleic acid by enzyme action during 
preparation has been discussed by Signer & Knapp (196) and Signer & 
Schwander (197), who have shown that the viscosity of the solutions is 
dependent on the time taken for extraction. Such degradation may be 
reduced by working rapidly at 0°C. [Gulland, Jordan & Threlfall (193)], 
by adding enzyme inhibitors [Euler, Hahn, Hasselquist, Jaarma & Lundin 
(198); Signer (199)], or by grinding the glands with solid carbon dioxide 
{Frick (200)]. These methods, or modifications thereof, have been used to 
isolate desoxypentosenucleic acids from yeast cells [Chargaff & Zamenhoff 
(201), rye and wheat [Laland, Overend & Webb (202)], plant tissues [Ogur 
& Rosen (203)], and from human semen [Chargaff, Zamenhoff & Green 
(204)]. 

As with the pentosenucleic acids, the analysis of the enzymic hydrolysate 
of desoxypentosenucleic acids by paper chromatography and ion exchange 
resins has attracted attention. Chargaff, Vischer, Doniger, Green & Misani 
(205) have analyzed the desoxypentosenucleic acids of calf thymus and 
beef spleen and obtained similar proportions of nucleotides in the two 
cases. Daly, Allfrey & Mirsky (206) also find little variation in the nucleotide 
ratios in acids from different sources, and Wyatt (207) has confirmed the 
values for calf thymus desoxypentosenucleic acid. The composition of the 
desoxy pentosenucleic acid of salmon sperm has been determined by Chargaff, 
Lipshitz, Green & Hodes (208). An important observation is that desoxy-5- 
methylcytidylic acid has been found to be present in desoxypentosenucleic 
acids in quantities up to 33 per cent of the total cytosine content [Wyatt 
(209, 210); Cohn (211)). 

As with the pentosenucleic acids, evidence as to the structure of desoxy- 
pentosenucleic acids and the nature of the internucleotide linkage comes 
from the determination of the acid-base properties and from the nature 
of the products of enzymic hydrolysis. The titration curve of the sodium 
salt of desoxypentosenucleic acid shows certain peculiar characteristics. 
The addition of acid or alkali to the solution in water does not at first bring 
about the ionization of groups between pH 5.0 and 11.0, but outside these 
limits there occurs a rapid liberation of groups titrating in the range pH 2.0 
to 6.0 and pH 9.0 to 12.0. This behavior first observed by Gulland, Jordan 
& Taylor (212) has been confirmed for other desoxypentosenucleic acids 
and for other mild methods of preparation [Signer & Schwander (213); 
Cosgrove & Jordan (214, 215); Lee & Peacocke (216)]. The back titration 
curves from both acid and alkaline pH’s are more normal in shape and can 
be analyzed by the usual procedures. These were first interpreted [Gulland, 
Jordan & Taylor (212)] as indicating one equivalent each of amino dissoci- 
ations of guanine, adenine, and cytosine, four equivalents of a primary 
phosphoric acid dissociation, and a small amount, not more than 0.25 
equivalents, of a secondary phosphoric acid dissociation for every four atoms 
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of phosphorus. The number of amino groups so assumed, however, has now 
been shown to be too high [Wyatt (207); Chargaff, Vischer, Doniger, Green & 
Misani (205)], the correct value being 2.6 amino groups for every four 
atoms of phosphorus. The effect of this correction [Lee & Peacocke (216); 
Cosgrove & Jordan (215)] is to increase the amount of the secondary phos- 
phoric acid dissociation. It therefore follows that there will be one second- 
ary phosphoryl group approximately every 10 to 20 nucleotides, and thus 
a triply esterified phosphorus at the same interval. The structure in this 
part of the chain will be similar to that postulated on similar evidence for 
ribonucleic acid (see formulae I and II). This view is confirmed from the 
dye absorption measurements of Cavalieri & Angelos (218) who have to 
assume two binding sites to explain their results, although the ratio of the 
secondary to primary dissociations is less than that given above, being 1:30. 
It must be appreciated that the interpretation of the titration curves is 
complicated by the absence of data on the desoxypentosenucleotides and 
by the polyelectrolyte character of the nucleic acid which will cause a shift 
of the pK,’ values because of the field effect (Jordan (217)]. The fact that 
the titration data show that all the amino and primary phosphoric acid disso- 
ciations are present in a free state is strong evidence that the internucleotide 
linkage is through a phosphoester grouping. The previous difficulty in accept- 
ing this type of linkage in view of the very different beh&’vior of desoxy- 
pentose and ribonucleic acids towards alkali has now been overcome by 
the conclusions of Brown & Todd (161). 

The results of the action of desoxyribonuclease on desoxypentosenucleic 
acids show evidence for the existence of a nonreactive “limit polynucleotide”’ 
[Zamenhoff & Chargaff (219); Zamenhoff, Chargaff & Brawerman (220)] in 
which there is an increased ratio of adenine to guanine and thymine to 
cytosine compared with the original nucleic acid. Titration of the ‘‘limit 
polynucleotide” (oligonucleotide) has led Little & Butler (221) to suggest 
that every fourth linkage is through a —NH—CO— group of purine or 
pyrimidine. This conclusion is, however, based on the subtraction of the 
titration curve of the oligonucleotide from that of the original nucleic acid. 
As the latter is not a true titration curve but is of the abnormal type de- 
scribed above, comparison of the two curves is not permissible. Fractionation 
of the oligonucleotides has yielded a dinucleotide containing adenine and 
cytosine and a trinucleotide containing thymine and cytosine in the ratio 
1:2 [Gordon & Reichard (222)]. The liberation of titratable groups during 
the action of desoxyribonuclease has been followed by Vercanteren (223) 
and Overend & Webb (224), and it appears that the initial depolymerization 
is not accompanied by the liberation of titratable groups. This result may be 
correlated with that obtained by Jungner, Jungner & Allgén (225) and 
Jungner (226), who find by following the enzymatic degradation by dielectric 
measurements that four stages of breakdown occur, the first stage being 
regarded by these authors as a disaggregation. 

If desoxypentosenucleic acid be degraded by desoxyribonuclease and 
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alkaline intestinal mucosa, desoxynucleotides are obtained and have been 
separated on ion exchange columns by Volkin, Khym & Cohn (102). Isomer- 
ism is not observed with these desoxynucleotides, a result which would be 
expected from the conclusions of Brown & Todd (161) since there is no sugar 
hydroxyl group at C,’ to enable the cyclic triester to be formed. On the 
basis of enzymic evidence [Carter (108)] and from the similarity of the 
behavior of the desoxynucleotides and adenosine-5’-phosphate [Volkin, 
Khym & Cohn (102)], it is concluded that the desoxynucleotides so prepared 
are 5’-phosphates. It would thus appear probable that the mode of linkage 
is C;’/—C,’ as has previously been assumed, since a C;’/—C;,’ linkage would 
not be in accordance with the titration data. 

The apparent molecular weight of the desoxypentosenucleate ion has 
been measured by a variety of methods, the generally accepted value of 
1.0 to 1.3X10* being that obtained from sedimentation velocity and diffu- 
sion measurements [Cecil & Ogston (227); Kahler (228); Atlas & Stern (229); 
Ogston (230); Krejci, Sweeny & Hambleton (231); and Conway, Gilbert & 
Butler (232)]. A higher value of 4.4 10* has been obtained from light scat- 
tering measurements by Smith & Sheffer (233). [The higher value of 24 x 108 
obtained by these authors has been shown to be incorrect (234).] A much 
lower value of 1.35 10° has been obtained from dielectric constant meas- 
urements [Jungner (226); Jungner, Jungner & Allgén (235); and Jungner 
(236)]. Difficulties arise in the determination of the molecular weight from 
sedimentation measurements through the variation of the sedimentation 
constant with the concentration of the nucleate ion and with the ionic 
strength. Extrapolation of the sedimentation constant (S) to infinite dilution 
has been found possible in certain cases (227 to 230), although Tennant & 
Vilbrandt (237) had previously observed a particularly rapid increase of 
sedimentation constant at low concentrations which did not permit extra- 
polation. The improved method of extrapolation used by Kahler (228) 
and Ogston (230) in which the plot of 1/S against concentration is linear 
has been explained theoretically by Fessler & Ogston (238). However, 
simple polyelectrolytes have been shown to show a complex variation of the 
sedimentation constant with concentration (144, 145), and this may also 
occur with the nucleic acids. Furthermore, the boundary formed between 
nucleic acid solutions and the solvent is abnormally sharp, and shows peculiar 
behavior in that movement of the boundary as a whole during diffusion 
studies has been observed [Butler & James (239)]. This behavior has been 
interpreted in terms of gel-formation by the nucleic acid, the gel swelling 
during diffusion and thus causing the boundary shift. 

It is by no means certain that solutions of desoxypentosenucleic acid at 
the concentrations normally studied (i.e., greater than 0.005 per cent) are 
molecularly disperse. The presence of divalent cations (Mgt*, Zn**) have 
been shown by Jungner (240) to cause considerable aggregation, and 
Pouyet, Scheibling & Schwander (241) have shown that the variation of 
light transmission (wavelength 2549 A) with concentration shows a critical 
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region at a concentration of 0.003 per cent which they regard as an indica- 
tion that aggregation commences at this concentration. 

The liberation of ionizable groups at pH 5.0 and 11.0 observed during 
titration (212 to 216) and also indicated by increased dye absorption by 
acid- and alkali-treated nucleic acid [Cavalieri & Angelos (218)] is reflected 
in the variation of the viscosity with pH at constant ionic strength. Solu- 
tions of desoxypentosenucleic acid show high viscosity with a marked 
variation of viscosity with rate of shear at pH 7.0 [Vallet & Schwander 
(242)]. Above pH 11.0 and below pH 5.0, however, the viscosity falls rapidly 
[Vilbrandt & Tennent (243); Creeth, Gulland & Jordan (244); Schwander 
(245)]. This has been interpreted in terms of a hydrogen bonded structure 
in which hydrogen bonds occur between amino groups and —NH—CO— 
groups of neighboring polynucleotide chains [Gulland, Jordan & Taylor 
(212); Creeth, Gulland & Jordan (244)]. Sedimentation studies indicate 
[Cecil & Ogston (227)] that considerable depolymerization or disaggregation 
has occurred through this action of acid and alkali. Heating the solutions of 
desoxypentosenucleic acid produce a similar effect on both the titration 
curve and the viscosity [Cosgrove, Garner & Jordan (246)] and has been 
shown by Jungner (226) to be caused by similar disaggregation. The action 
of heat may be prevented by an increase of ionic strength [Miyaji & Price 
(247)]. 

Solutions of desoxypentosenucleic acid show considerable streaming 
birefringence, and from quantitative studies Schwander (248) and Schwander 
& Cerf (249) have estimated that the nucleate ion is 8000 A long and 10 A 
in diameter, which is to be compared to the axial ratio of 120 obtained by 
Cecil & Ogston from sedimentation data. The experimental results of 
Schwander & Cerf (249 to 251) on the streaming birefringence in solutions 
of different viscosity have been discussed by Schwander & Signer (252) in 
terms of the molecular rigidity. They conclude that it is unnecessary to 
postulate a hydrogen bonded structure to explain the action of acid and 
alkali on desoxypentosenucleic acid (see above) and prefer to explain the 
inter- and intramolecular bonding in terms of van der Waals’ forces. In 
support of their argument, they attribute the high melting points of the 
purines and pyrimidines to the existence of such forces. However, x-ray 
studies of these compounds show the existence of strong hydrogen bonding 
in the crystal, so that this evidence is not conclusive and could perhaps 
equally well be used to support the hydrogen bonded structure. 

That the nucleic acids, and the highly polymerized desoxypentosenucleic 
acid in particular, should be regarded as complex polyelectrolytes has been 
stressed by Jordan (217), Schwander & Signer (252), Lee & Peacocke (216), 
and Basu (253). It has long been known that the viscosity of solutions of 
desoxypentosenucleic acid are decreased by the addition of electrolyte. 
Jordan (217) and Basu (253) have interpreted this behavior as a coiling of 
the molecule caused by a reduction in the repulsion between the charged 
groups, thereby giving a more symmetrical molecule. The decrease in vis- 
cosity is accompanied by only small decreases in the dependence of the 
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viscosity on the rate of shear and in the streaming birefringence [Creeth, 
Gulland, & Jordan (244); Snellman & Widstrém (254)], thus indicating that 
the change in asymmetry is not great. A further aspect of the polyelectrolyte 
behavior is that the dissociation constants are all found to be weaker in 
the nucleic acid when compared with the corresponding values for the 
monomer (217). Thus the back titration curve of the —NH—CO—- group is 
typical of a weak polyacid, and calculation of the pK,’ values at different 
degrees of ionization shows a decrease of acid strength as ionization in- 
creases. The initial limiting value at zero ionization of this group is, how- 
ever, weaker than in the nucleoside, an effect that will be due to the influence 
of the ionized primary phosphoric acid dissociations. The polyelectrolyte 
behavior of the nucleic acids is, however, reduced through the strong 
absorption of gegenions as shown by the electrophoretic mobility of the 
nucleate ion [Creeth, Jordan & Gulland (255); Creeth & Jordan (256); 
Ui & Watanabe (257)]. 

A preliminary account of light scattering experiments has been g ven 
by Oster (258), who, from the variation of the intensity of the diffused 
light with scattering angle, concludes that the particles behave as spheres. 
This result is attributed to the negative birefringence of the nucleic acid 
particles. The application of the Kerr effect to solutions of desoxypentose- 
nucleic acid has been made by Benoit (259). The results of measurements 
on dilute solutions only may be interpreted and these give values for the 
length of the nucleate ion of 2700 A to 3800 A, considerably lower than those 
obtained from streaming birefringence measurements (249). 

Astbury (67) has pointed out that one of the most significant facts con- 
cerning the nucleic acids is their high density of 1.63 gm./cc., and, if it be 
assumed that the average area of the nucleotides is of the order of 100 A?, 
and that the nucleotides in the nucleic acid chain are packed one on top 
of the other, the effective thickness of each nucleotide is calculated to be 
3.1 A. The x-ray studies confirm this prediction, the most prominent reflec- 
tion in the fiber diagram corresponding to a spacing along the fiber axis of 
3.34 A (260). Astbury originally interpreted these results on the assumption 
that the plane of the purine or pyrimidine ring was parallel to that of the 
furanose ring. This view must now be modified since Furberg (65, 66, 68) 
has shown that these rings are in fact nearly perpendicular to each other. 
Furberg (68) therefore proposes that in the nucleic acid the purines and 
pyrimidines are nearly parallel to each other and perpendicular to the 
molecular axis. The furanose rings will then lie parallel to the axis of the 
molecule. 

Wilkins, Gosling & Seeds (261) have confirmed the above conclusion by 
more extensive x-ray studies and observed an unusual stretching phenomena ' 
which they have interpreted on the Furberg model. They suggest that the 
long molecules can be extended into a second form during the formation 
of which the purine and pyrimidine rings have rotated as so to lie on the 
average at an angle of about 45° to the fiber axis. 

The infrared absorption spectra of desoxypentosenucleic acid (and of 
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yeast ribonucleic acid) obtained by Blout & Fields (71) were not analyzed 
in any great detail but Fraser & Fraser (262) have made measurements on 
desoxypentosenucleic acid using polarized infrared radiation and have 
assigned various bands to specific vibrations. The perpendicular dichroism 
of the bands corresponding to the C=O, C=N and C=C vibrations of the 
purine and pyrimidine ring systems support the view that in the unstretched 
molecule these rings lie perpendicular to the axis. The dichroism of these and 
other bands changes on stretching the molecule, and the results agree with 
the conclusions of Wilkins, Gosling & Seeds (261). 

X-ray studies of concentrated solutions of desoxypentosenucleic acid 
have been made by Riley & Oster (263) from which they conclude that the 
molecules are semicompact, elastic helices with a diameter of 12 A. At the 
concentrations employed, however, these solutions possess the characteristics 
of a gel, and comparison with results obtained by other techniques with 
more dilute solutions is not possible. 

The degradative effects of ultrasonic vibrations [Goldstein & Stern 
(264); Laland, Overend & Stacey (265); Zbarskii, El’piner & Kharlamova 
(266)], x- and y-radiation [Scholes, Stein & Weiss (267); Butler (268); 
Buckhman & Manoilov (269); Scholes & Weiss (270); Limperos & Mosher 
(271, 272)] and radiometric substances [Butler & Smith (273, 274); Butler, 
Gilbert & Smith (275); Butler (276); Butler & Conway (277); Conway, 
Gilbert & Butler (232)] have been studied by following the fall in viscosity 
and variation in sedimentation constant. X-radiation and radiometric 
substances are considered to induce the degradation through free radicals, 
but the mechanism of the degradative processes still appears obscure. 
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FAT METABOLISM! 


By A. C. FRAZER 
Department of Pharmacology, University of Birmingham, England 


DIETARY Fat 


Certain unsaturated fatty acids are accepted as dietary essentials, but 
fat may be necessary in the diet for other reasons. Deuel e¢ al. (1) found that 
the addition of 10 per cent of cottonseed oil to a synthetic diet containing 
optimal linoleic acid for growth resulted in a further increase of growth in 
rats which was not attributable to altered caloric intake. Bosshardt et al. 
(2) showed that fat prevented the growth inhibitory effect of succinyl 
sulphathiazole added to a low-fat synthetic diet containing all known 
growth factors. 

The effects on dogs of long-term feeding with and without fat was studied 
by Hansen & Wiese (3). Striking differences were seen between the animals 
on 30 per cent and those on 1 per cent of fat. Complete permanent relief 
could not be achieved unless 16 per cent of the caloric intake was supplied 
as fat. One per cent of the caloric intake, supplied as linoleic acid, improved 
the condition of skin and hair. 

Unsaturated fatty actds—Kunkel & Williams (4) observed a characteris- 
tic fat-deficiency syndrome in rats fed 3 per cent of tetrabromostearic acid. 
Changes in enzyme activity were observed in the livers of fat-deficient rats. 
According to Decker, Fillerup & Mead (5) the fat-deficiency syndrome can 
be precipitated in mice on a fat-deficient regime by the application of minor 
injury or x-irradiation. Greenberg et al. (6) reported that administration of 
growth hormone to fat-deficient rats did not aggravate their condition. 
Linolenic and linoleic acids appeared to act synergistically in the relief of 
fat deficiency. Reiser (7) found that the organ lipids retained polyunsatu- 
rated fatty acids more tenaciously than the carcass, and phospholipids more 
than neutral fats, in chicks on a fat-free ration. 

Reiser further showed (8, 9) that hens on a fat-free diet laid eggs grossly 
deficient in polyunsaturated fatty acids, although egg production and hatch- 
ability appeared to be unaffected. On replacement, dienoic acid formed 
pentaenoic and possibly tetraenoic, while trienoic acid gave rise to all 
polyethenoid acids with two to six double bonds. Ingested conjugated dienoic 
acid and trienoic acids were deposited in the egg. They were converted to 
other unsaturated fatty acids and were involved in oxidative changes. 

Trienoic acid feeding gave rise to yellow fat in the mink (Lalor, Leoschke 
& Elvehjem (10)]. Formation of polyethenoid fatty acids from ethyl arachi- 
donate fed to fat-deficient rats was demonstrated by Holman & Taylor 
(11). Holman (12) has also pointed out that trans isomers of essential 


1 The main period covered by this review is November, 1950, to November, 1951. 
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fatty acids are detectable by alkaline isomerisation or spectrographically, 
but that they are not biologically active. 

The reduction in concentration of dienoic and tetraenoic acids in the 
tissues of fat-deficient dogs has been reported upon by Wiese & Hansen (13). 
Medes, Mann & Hunter (14) found that the reduction in content of dienoic 
acid of the tissues was the same in fat-deficient and pyridoxine-deficient 
rats, but only the former developed the fat-deficiency syndrome. Tulpule & 
Patwardhan (15) observed that unsaturated fatty acids completely relieved 
combined pyridoxine and fat deficiency, but pyridoxine alone only gave 
temporary improvement. Beauvallet & Manuel (16) described a decrease of 
tetraenoic acid content of total fats, but not of phospholipids, in the brain 
of the fat-deficient rat. The histological changes in the skin of fat-deficient 
dogs have been described by Hansen, Holmes & Wiese (17). Menon, Tulpule 
& Patwardhan (18) have studied phrynoderma in man and demonstrated 
its relationship to fat deficiency. 

Nutritive value-——The importance of dosage level in assessing nutritive 
value has been commented upon by Barki et al. (19). They obtained optimal 
growth rate with butterfat at a dietary level of 35 per cent, but corn oil at 
a level of 10 per cent was best. Deuel, Greenberg & Savage (20) reported a 
nutritional experiment with rats, continued through 25 generations, which 
showed no differences in growth rate, fertility, or lactation in animals fed 
hydrogenated margarine fat as compared with those fed butterfat. 

The damaging effect of heat polymerisation on the nutritional value of 
linseed oil has been studied by Crampton e¢ al. (21, 22). Polymerisation 
caused interference with growth rate, food consumption, reproduction, 
lactation, and life span in rats. These effects, however, could not be attrib- 
uted to peroxides or to destruction of vitamin E. The inter-polymer dimeric 
acids appeared to be directly toxic. Frazer, French & Sammons (23) have 
also found toxic effects in rats due to oxidised oils, which were unrelated to 
their peroxide content. The damaging effect of soybean hay feeding on re- 
production in rabbits is attributed by Kendall, Salisbury & Vandemark (24) 
to the presence of a lipoxidase in the hay, which gives rise to peroxides from 
dietary fat. 


ABSORPTION FROM THE INTESTINE 
INTRALUMINAR PHASE 


Hydrolysis—That lower glycerides are normal end products of pancreatic 
hydrolysis of fats in vitro [Frazer & Sammons (25)] has been amply confirmed 
by Desnuelle and co-workers (26, 27, 28). It has always been difficult, how- 
ever, to be certain of the relevance of such in vitro studies to the funda- 
mental question of whether hydrolysis is complete, or only partial, in the 
intestinal lumen. This is, of course, the key point of difference between the 
Lipolytic and the Partition Hypotheses of fat absorption (29). Favarger, 
Collet & Cherbuliez (30) have demonstrated that less than 5 per cent of 
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glycerides recovered after feeding deuterio-glycerol and trielaidin contained 
the labelled material. They calculated that hydrolysis did not exceed 45 
per cent. In further studies using trielaidin, deuterio-palmitic or deuterio- 
lauric acid, and deuterio-glycerol, with subsequent analysis of the distribu- 
tion of the labelled materials, Favarger & Collet (31) concluded that 90 per 
cent of the fat was absorbed as glyceride in their experiments and hydrolysis 
did not exceed 33 per cent. Reiser et al. (32) have recently completed an 
interesting experiment in which they fed mixtures of trilinolein, containing 
conjugated linoleic acid and C* -glycerol, and a trisaturated glyceride. The 
absorbed fatty material was recovered from the chyle. From examination 
of the distribution of the labelled glycerol in the recovered glycerides, they 
concluded that hydrolysis was of the order of 30 to 40 per cent in their experi- 
ments and that glyceride absorption must occur. The differences between 
the absorption of tributyrin and triolein have been attributed by Frazer 
(33) to the fact that butyric acid is water-soluble, that hydrolysis of tri- 
butyrin proceeds rapidly towards completion in vitro, and that hydrolysis 
of triolein tends to be restricted. Studies using C™-glycerol incorporated in 
tributyrin and triolein have enabled Karnovsky & Gidez (34) to demon- 
strate the difference in rates of hydrolysis in vivo. Tributyrin was rapidly 
hydrolysed, giving results similar to those obtained after feeding free 
glycerol, but the hydrolysis of triolein was slow and retention of activity high. 
Evidence appears to be accumulating that hydrolysis of long chain glycerides 
is neither rapid nor complete in the intestinal lumen. 

Emulsification.—If the conclusion that phospholipids are not an obliga- 
tory intermediate in fat absorption is accepted [Zilversmit, Entenman & 
Chaikoff (35)], and if hydrolysis is incomplete, absorbable fats must form 
two groups—water-soluble substances, such as short-chain fatty acids and 
soaps, and water-insoluble substances, such as glycerides. Intraluminar 
emulsification may be an important step in the absorption of water-insoluble 
material. The absorption of finely dispersed paraffin into intestinal cells has 
been demonstrated [Frazer, Schulman & Stewart (36)]. Lundbaek & Maaloe 
(37) failed to repeat this observation in rats, and Berry & Ivy (38) were 
unable to demonstrate the passage of finely dispersed paraffin into the chyle 
in dogs. However, Shoshkes, Geyer & Stare (39) have shown that fine emulsi- 
fication improved paraffin absorption from rat intestinal loops by 23 per 
cent and the absorption of corn oil by 26 per cent. Daniel et al. (40) have 
demonstrated the absorption of paraffin from mixtures of equal parts of 
paraffin and olive oil. In acute experiments, 60 per cent of paraffin adminis- 
tered was absorbed in 3 hr., while in longer term studies 108 gm. of paraffin 
was absorbed by 10 rats in 16 days. Fine emulsification of the mixture 
occurred in the intestinal lumen, and the paraffin was not destroyed by 
intestinal flora. Mead et al. (41) showed that the absorption of methyl 
esters of long chain fatty acids in the mouse was enhanced by the presence 
of glycerides and that emulsification was necessary for optimal absorption. 
A marked fall in interfacial tension with monoglyceride formation has been 
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observed by Sager (42) who emphasises the importance of lower glycerides 
for intraluminar emulsification and absorption. The effect of emulsifying 
agents on absorption has been studied by Johnson, Scott & Newman (43) 
in premature babies and by Boyd & Helfrick (44) in a case of coeliac disease, 
but more detailed information is required about the effects of these surface 
active agents on gastrointestinal function before the significance of their 
action in fat absorption can be satisfactorily assessed. 

Frazer et al. (45) have described methods for the investigation of fat 
absorption in man and have differentiated between the fat-absorption defect 
in pancreatic enzyme deficiency, in which fine emulsification does not occur 
in the upper intestinal lumen, and that in the sprue syndrome, in which 
lipolysis and emulsification appear to be normal. Several of the characteris- 
tics of the sprue syndrome can be attributed to increased fatty acid forma- 
tion resulting from delay in glyceride absorption. A valuable method for 
studying fat absorption by means of daily faecal fatty acid estimations with 
the patient on a constant fat intake has been described by Kamer, Huinink 
& Weyers (46). The effects of dietary or therapeutic changes on the course 
of fat absorption can be easily followed. 

The exact origin of faecal fat under different circumstances is still obscure. 
Wollaeger et al. (47) demonstrated a significant contribution from dietary 
fat in normal subjects. An increase in faecal lipid has been brought about by 
changes in nonlipid dietary constituents [Schulz & Thomas (48)], by x- 
irradiation in mice [Mead et al. (49)], and by addition of cholesterol to the 
diet in rats, guinea pigs, and rabbits [Cook and co-workers (50, 51)]. Faecal 
fats were increased in human subjects, with hepatic disease [Gross et al. 
(52); Ahrens et al. (53); Jiménez Diaz, Romeo & Marina (54)], following 
vagotomy [Fox & Grimson (55)], after the addition of cholesterol [Cook & 
Edwards (56)], and in children with coeliac disease following the addition 
of wheat flour to the diet [Dicke (57); Weijers & Kamer (58)]. The likely 
contribution from faulty absorption, increased bacterial synthesis of fat, 
or fat excretion, must be separately assessed in each case. Jiménez Dfaz 
et al. (59, 60) have suggested that bile salts and pancreatic juice are not im- 
portant factors in fat absorption. Their evidence does not justify this con- 
clusion. The effect of bile salts on fat absorption has been demonstrated by 
Searle & Annegers (61). 

Vitamin-A absorption has been used by many workers as an index of 
fat absorption. Unfortunately, the exact relationship between vitamin A 
and fat absorption is not known, so that interpretation is difficult. Vitamin A 
was more readily absorbed as an aqueous dispersion than as an oily solution 
in lactating women and in premature infants [Sobel and co-workers (62, 
63)], in normal adults and patients with steatorrhoea [Barnes, Wollaeger & 
Mason (64)], and in children with the nephrotic syndrome [Kagan e¢ al. 
(65)]. Woytkiw & Esselbaugh (66) found that vitamin-A absorption was 
predominantly by the lymphatic pathway in guinea pigs. 
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CELLULAR PHASE 


Baker (67) has shown that the fine canals which pierce the outer border of 
the intestinal cells are filled with stainable lipid during fat absorption. The 
experiments of Bollman and co-workers (68) and Borgstrém (69) add 
further support to the generally accepted view that the intestinal mucosa 
can synthesize triglycerides under suitable conditions. 

Frazer (70) described an increased rate of fat absorption when choline 
was added to the diet. The effect was only observed when excessive quanti- 
ties of fat were fed and the over-all quantity of fat absorbed was not affected. 
Methionine did not have the same effect. Tidwell & Nagler (71) also reported 
an increased rate of fat absorption with choline, which they partly attributed 
to parasympathetic stimulation, and they confirmed that methionine was 
ineffective. The over-all absorption of corn oil in moderate dosage was found 
to be normal in choline-deficient rats by Shoshkes, Geyer & Stare (72). 
Whether these effects of choline have any relation to phospholipid forma- 
tion is still unknown. Frazer, Sagrott & Sammons (73) were unable to 
demonstrate an active lecithinase in the intestinal lumen in the rat, but the 
minced intestinal mucosa showed marked lecithinase activity. Schmidt, 
Hecht & Thannhauser (74) have shown that the‘end product of hydrolysis 
of lecithin by minced intestinal mucosa is glyceryl-phosphoryl-choline, pro- 
vided that other phosphatases are inhibited. 


DISTRIBUTIVE PHASE 


Further work has been done on the distributive phase of fat absorption, 
using intestinal lymphatic cannulation for recovery of fatty material. 

Long chain saturated fats—Following up their original observations 
(75) that C-palmitic acid dissolved in corn oil was mainly absorbed by the 
lymphatic pathway, Chaikoff and co-workers have shown that C¥-penta- 
decanoic acid (76) and C¥-tripalmitin (77) also enter the body almost 
exclusively in the chyle. C™-stearic acid has also been traced into the intesti- 
nal lymph in the cat by Bergstrém (78) and in rats by Borgstrém (69). 
These findings have been erroneously interpreted as being contrary to the 
Partition Hypothesis. The difficulty of absorbing long chain saturated fatty 
acids by any other route than the lymphatic pathway has been appreciated 
for many years and has been regarded as one of the reasons for the selective 
rejection of long chain saturated fatty acids in the sprue syndrome [Frazer 
(79)]. 

Short chain fatty acids —As already mentioned, differences in the absorp- 
tion of tributyrin and long chain triglycerides have been attributed to the 
more rapid and complete hydrolysis of the former (33). That this occurs 
in vivo is strongly supported by recent experiments (34). It had also been 
suggested that other short chain fats might resemble tributyrin rather 
than long chain compounds (33). Bloom, Chaikoff & Reinhardt (80), using 
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shorter chain C-labelled saturated fatty acids, have shown that, whereas 
recovery was 80 to 90 per cent or more with myristic acid and longer chain 
fatty acids, the recovery from the lymph was only 15 to 55 per cent with 
lauric and 5 to 19 per cent with decanoic acid. Since no destruction of these 
acids could be demonstrated in the intestine, these authors considered 
that short chain fatty acids probably pass directly into the blood stream. 

The formation of short chain volatile fatty acids in the sheep’s rumen 
has been studied by Gray, Pilgrim & Weller (81) and by Phillipson and co- 
workers (82, 83). The latter consider that these fatty acids are absorbed 
into the blood stream and that only negligible quantities pass by the lym- 
phatic pathway. Bean et al. (84) used the portal anastomotic veins in two 
cases of hepatic cirrhosis for comparing changes in portal and systemic blood, 
but the results are difficult to interpret. 

Unsaturated fatty acids——The pathway followed by unsaturated fatty 
acids, especially oleic acid, has always been in doubt. Olive oil behaves 
normally as a long chain fat, and has been used as a long chain prototype 
by all workers in the field. Oleic acid was found by Frazer (85) not to be 
finely emulsified in the intestinal lumen and not to give rise to systemic 
hyperlipaemia during absorption in rats or in human subjects. Tidwell 
(86), however, reported an indistinguishable chylomicrographic response 
with olive oil and with oleic acid. Bollman et al. (68) found a marked increase 
of glycerides in the lymph after oleic acid feeding. On the other hand, Auld 
& Needham (87), in a patient with a chylothorax, could demonstrate no 
fatty material in the chyle in the 48 hr. following the administration of 
oleic acid, which was apparently absorbed. Large quantities of fat were 
recovered when olive oil was fed. There is no a priori reason why oleic acid 
might not be absorbed in particulate form if it was finely emulsified in the 
intestinal lumen. Differences in intestinal emulsification may perhaps be 
the explanation of these discrepancies. 

Seventy per cent of fat may be absorbed in the sprue syndrome without 
any apparent systemic hyperlipaemia. This has been attributed to absorp- 
tion of fatty acids in molecular form; long chain saturated fatty acids largely 
passed out in the faeces (79). In support of this hypothesis, Weijers & Kamer 
(58) found improvement in fat absorption in coelic disease when the content 
of long chain saturated fatty acids in the diet was reduced. In a study by 
Reiser & Bryson (88) unsaturated fatty acid was mixed with Wesson glycer- 
ides, so that its recovery from the chyle was to be expected. 

Recent work on the mechanism of fat absorption and aetiology of 
steatorrhoea has been reviewed by Frazer (89, 90). 


BLoop Fat 


Particulate fat.—Increase of glycerides in the blood is commonly ac- 
companied by an increase of all the lipid components. The lipid composition 
of ultracentrifugates of hyperlipaemic blood in the postabsorptive state 
has been studied by Snavely et al. (91). The factors controlling the amplitude 
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and duration of hyperlipaemia are still largely unknown. Alimentary 
hyperlipaemia has been studied by Becker, Meyer & Necheles (92), who 
described differences in the postprandial hyperlipaemia of old and young 
subjects. In diabetic subjects the postprandial lipaemia was shown by 
Hirsch & Carbonaro (93) to be greater than normal and to last longer. 
Peters, Heinemann & Man (94) reported that there is a progressive increase 
in all lipids, especially glycerides, from the twelfth week of pregnancy in 
human subjects. The hyperlipaemia induced in young chickens by oestradiol 
benzoate is reduced by thyroxine in proportion to the dosage used [Hertz, 
Schricker & Tullner (95)]. Glycerides and other lipid fractions were found 
to be increased in the nephrotic syndrome by Thomas et al. (96). Soshea & 
Farnsworth (97) reported a marked reduction in neutral fat in five out of 
six nephrotic patients after corticotrophin (ACTH) administration. Bruton 
& Kanter (98) have described a classical case of idiopathic familial hyper- 
lipaemia in a child. 

Brown (99) confirmed the observation that heparin causes rapid clear- 
ance of the postprandial hyperlipaemia in rats and dogs. A similar effect 
was observed with dextran sulphate, and the action of heparin was reversed 
by protamine. Contrary to Weld’s experiments (100), the total blood fat 
was decreased after heparin. Anderson & Fawcett (101) have shown clearing 
of hyperlipaemia in man after intravenous injection of heparin; associated 
with this is a sudden fall in surface tension. Added heparinised plasma clearea 
hyperlipaemic blood in vitro. Swank (102) observed clumping and other 
changes in the surface properties of chylomicrons and red blood cells after 
heparin injection. Snellman, Sylvén & Julén (103) have described a heparin- 
lipoprotein complex which they have isolated fram mast cell cytoplasm 
by centrifugation. The lipid portion contained lecithin, cholesterol, and 
neutral fat. The lipoprotein was thought to be similar to heparin comple- 
ment of serum. 

The study of artificial oil-in-water emulsions for parenteral use has led 
to a number of interesting observations. Lambert e¢ al. (104) found that 
emulsions of corn oil stabilised with soybean phosphatide gave febrile reac- 
tions in rabbits despite every effort to eliminate pyrogens. Triton A 20 (a 
polyethylene glycol derivative) prevented the pyrogenic effect and slowed 
the rate of removal of fat from the blood, but Meng (105) found no pyrogenic 
reaction or other ill effects after intravenous injection of finely dispersed 
emulsions less than two months old. Shafiroff & Mulholland (106) investi- 
gated the tolerance of human subjects to intravenous injection of artificial 
emulsions containing up to 20 per cent of fat. The emulsions were well 
tolerated, reactions being commoner with the higher concentration of fat. 
Shafiroff et al. (107) injected a litre of 10 per cent coconut oil emulsion at a 
rate of 4 to 7 ml. per min. subcutaneously into the anterior aspect of the 
thigh immediately after the injection of 500 units of hyaluronidase. In 22 
patients studied, all showed an elevation of body temperature, in excess of 
2°F. in six cases; total blood lipids were doubled within 4 hr. and there was 
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an increase in oxygen uptake of 20 per cent. Ermala, Holst & Setala (108) 
described a lipomicronaemia in mice after injection of fat either subcutane- 
ously or intraperitoneally. 

Frazer (109) has described some of the properties of natural and artificial 
oil-in-water emulsions. The distribution in the body of artificial emulsions 
has been compared with that of a natural fat emulsion from dog chyle 
by Murray & Freeman (110). Artificial emulsions were always concentrated 
in the marginal zone of the spleen, the Kupffer cells in the liver and and the 
septal macrophages in the lungs, but the chyle particles were not thus 
concentrated. Elkes (111) discussed some of the problems concerned in the 
preparation of stable and unstable emulsions for intravenous use and de- 
scribed the properties of a number of possible emulsifying systems. The 
effects of intravenous injection of stable emulsions have been compared by 
Geyer et al. (112) with those of unstable emulsions. With all emulsions 
the greatest relative increase of lipids was in the spleen. The next greatest 
increase was found in the liver with stable emulsions, but in the lungs with 
unstable emulsions. Normal lipid levels returned within 24 hr. after injection 
of stable emulsions, but more slowly after unstable emulsions. Armin & 
Grant (113) observed no symptoms after the intravenous injection of un- 
emulsified fat (0.15 gm. per kg. body weight) in rabbits. Van Itallie, Geyer 
& Stare (114) have successfully used vitamin K intravenously as a finely 
dispersed emulsion. 

Phospholipids —Taylor & McKibbin (115) have made a wide survey of 
the levels of total lipid nitrogen, phosphorus, choline, and sphingosine in 
the blood of various animals. In continuation of their studies on the site of 
formation of plasma phospholipids, Ranney, Chaikoff & Entenman (116) 
have shown that most of the phospholipid formation in the domestic fowl 
occurs in the liver, but there is a significant extrahepatic synthesis of phos- 
pholipid. Plasma phospholipid turnover, measured by radiophosphorus, was 
within normal limits in cirrhotic patients, according to Cornatzer & Cayer 
(117). Albrink (118) found that blood phospholipids are within the normal 
range in hepatic and biliary disease. According to Schaffner et al. (119) 
no relationship exists between plasma and bile phospholipid in both dogs 
and man. Zilversmit, Stern & Overman (120) have described a marked de- 
crease in plasma phospholipid concentration, total circulating phospholipid, 
and phospholipid/plasma protein ratio in adrenalectomised dogs maintained 
on desoxycorticosterone acetate (DOCA). The rate of disappearance of 
doubly labelled (C“ and P**) phospholipid from the blood has been studied 
in dogs by Weinman et al. (121). The two isotopes disappeared at the same 
rate, indicating the removal as a unit of the whole phospholipid molecule 
from the blood. 

Cholesterol—Oppenheim & Bruger (122) studied the effect of intra- 
venous administration of hypercholesterolaemic rabbit plasma into normal 
rabbits. The induced hypercholesterolaemia was maximal in 5 min. and 
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reached the lowest postinjection level after 6 hr. Van Bruggen, Hutchens 
& West (123) fed C™-cholesterol to rats. All tissues contained labelled 
sterols in 48 hr., the highest specific activity being in the alimentary tract 
and the liver. Five per cent of the cholesterol could be accounted for as 
fatty acids. Liver glycogen was also found to contain C™. The half life of 
the serum cholesterol in normal adult males was measured by London, 
Sabella & Yamasaki (124), using deuterium-labelled material. The normal 
half life was found to be eight days, but in a nephrotic patient it was found 
to be prolonged. 

The effect of diet on blood cholesterol in man has been studied by Hil- 
dreth et al. (125), who found that dietary fat restriction causes a significant 
decrease in blood cholesterol, which is restored to normal when cholesterol- 
free fat is replaced in the diet. Alfin-Slater, et al. (126) found the incorpora- 
tion of injected deuterium into plasma and liver cholesterol to be independ- 
ent of the diet in rats. According to Greenberg & Rinehart (127) pyridoxine 
deficiency enhances hypercholesterolaemia in monkeys. Bollman & Flock 
(128) recovered 10 to 50 per cent of fed cholesterol from the lymph in rats 
within 24 hr. Balance studies in rats were carried out by Marx & Wainfan 
(129) who found that 15 per cent of ingested cholesterol was destroyed by 
intestinal organisms. 

Kohn (130) has shown marked differences in the blood cholesterol levels 
in starved rats of different strains, several genes being involved. The 
importance of species and strain variations in this, as in other biological 
problems, is too frequently forgotten. 

The relationship of blood cholesterol to age in man has been the subject 
of an extensive publication by Keys et al. (131). An age factor also appears 
to operate in the development of hypercholesterolaemia in the chick, the 
blood cholesterol generally remaining fairly normal for the first eight weeks, 
after which there is a sudden increase [Rodbard et al. (132)]. 

Further evidence has been presented to indicate the importance of the 
liver in relation to blood cholesterol. Continuing their studies on the in- 
crease of blood cholesterol after bile duct ligature, Byers, Friedman & 
Michaelis (133) showed that the cholesterol increase is prevented by total 
or partial hepatectomy, but not by castration, adrenalectomy, viscerectomy, 
or ligation of the thoracic duct. They conclude that the liver is the source of 
the excess cholesterol in bile duct ligature. The same authors (134) report a 
24-hr. delay in the restoration of blood cholesterol levels in cholesterol- 
depleted rats after partial hepatectomy as compared with controls. Gould 
et al. (135) found that normal dogs synthesised 30 times more cholesterol 
from C-acetate than do hepatectomised animals. Ranney & Chaikoff (136) 
showed that the hyperlipaemia which normally follows oestrogen injection 
in the fowl is prevented by hepatectomy. An increase of the ratio of free to 
esterified cholesterol in hepatitis and obstructive jaundice was observed by 
Albrink, Man & Peters (137). Pierce & Gofman (138) found that carbon 
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tetrachloride poisoning caused an increase in all lipid fractions in rabbits, 
which subsided when the injections were stopped. In cholesterol-fed rabbits, 
the induced hyperlipaemia persisted. 

Marx, Marx & Shimoda (139) found in hyperthyroid rats low or normal 
blood cholesterol levels which seemed to be independent of dietary choles- 
terol. Hypothyroid animals had a high blood cholesterol, especially on a 
cholesterol-containing diet. Stamler and co-workers (140) found that desic- 
cated thyroid reduced the hypercholesterolaemia induced by cholesterol 
feeding in the chick. This was not simply due to increased metabolism, since 
dinitrophenol was not effective. Emerson et al. (141) found a transient choles- 
terol ester increase during ACTH therapy in nephrotic patients. Soshea & 
Farnsworth (97), however, observed a recduction in three out of six cases 
of nephrosis. Conn. et al. (142) reported a sharp fall in blood cholesterol 
when ACTH was injected in normal subjects, but not in cases of Addison's 
disease; this suggests the utilisation of blood cholesterol for adrenal cortical 
hormone production. DOCA did not affect cholesterolaemia in chicks, ac- 
cording to Stamler et al. (143). 

Liproproteins.—Studies on liproprotein complexes in horse serum have 
been described by Macheboeuf & Rebeyrotte (144). Gurd et al. (145) have 
isolated two liproproteins from human plasma. The a-lipoprotein macro- 
molecule is 300 A long and 50 A wide; it contains about 35 per cent lipid 
and its mol. wt. is about 200,000. The 8-liproprotein is a sphere, 185 A in 
diameter; it contains 75 per cent lipid and has a mol. wt. of 1,300,000. 
Gofman (146) has collected further data on the special liproprotein com- 
ponents demonstrable in atherosclerotic subjects.* Pierce & Gofman (147) 
found that the blood levels of the class of molecules of S;10 to 20 does not 
differ in patients with chronic liver disease from those in normal subjects 
of the same age group. 

Fishberg et al. (148) showed that the increased cholesterol in hyper- 
cholesterolaemic rabbits is associated with the B-globulin fraction. Fischer 
et al. (149) observed two distinct peaks in the 8-globulin area of the electro- 
phoretic pattern in serum from patients with lipoid nephrosis. Separation 
of the peaks was difficult in the case of stored serum. Leinwand (150) 
reported changes in the electrophoretic pattern of serum in mesenchymal 
diseases with high lipid content associated with y-globulin. 

The importance of phospholipid for the stabilisation of blood fat- 
liproprotein structure was studied by Ahrens & Kunkel (151). The activity 
of adenosinetriphosphatase in muscle has been shown by Kielley & Meyerhof 
(152) to depend upon the phospholipid link in lipoprotein. Stollerman, 
Bernheimer & MacLeod (153) reported that the inhibition of streptolysin 
S by serum is greatly reduced by the action of lecithinase, but increased by 
tryptic digestion, indicating once again the fundamental importance of 
phospholipid. The changes in blood fat in pathological states have been 
reviewed by Froehlich (154). 


* For discussion of work on atherosclerosis, see pp. 259-60. 
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TISSUE FATS 
LIVER 


Kretchmer & Barnum (155) used differential centrifugation to isolate 
from mouse liver cell cytoplasm the large granules and microsomes which 
constituted 38 per cent of the cell solids, 62 per cent of the lipids, and 85 
per cent of the phospholipids. The fatty acids of the large granules contained 
20 per cent of tetraenoic acids. 

Fat accumulation.—W ork on the effects of ethionine in rats has been fur- 
ther developed. Farber & Popper (156) and Goldberg, Chaikoff & Dodge 
(157) reported severe pancreatic lesions following intraperitoneal injections 
of ethionine, which were prevented by methionine. The induction and 
prevention of fatty livers by ethionine are described in further detail by 
Jensen, Chaikoff & Tarver (158). Stekol & Weiss (159) gave C™-labelled 
ethionine to rats and recovered radioactive metabolites. The incorporation 
of ethionine into the body proteins of rats has been described by Levine 
& Tarver (160). 

The combined pancreatic and hepatic lesions in ethionine-treated rats 
strongly resemble the kwashiorkor syndrome observed in African children 
and others. Meneghello, Niemeyer & Espinosa (161) have described liver 
steatosis in undernourished children in Chile; unlike cases of kwashiorkor, 
however, these children appeared to respond well to choline administration. 

The effect of cystine on liver fat deposition was shown by Tyner, Lewis 
& Eckstein (162) to be preventable by a high level of nicotinic acid or trypto- 
phan in the diet. Accumulation of lipids, mainly cholesterol esters, in the 
liver was demonstrated in rats on a diet containing suboptimal quantities 
of threonine or lysine by Singal et al. (163). Okey, et al. (164) found a great 
accumulation of cholesterol esters in the livers of rats receiving a high 
cholesterol diet with ample biotin supplementation. Rats on biotin-deficient 
or high avidin (antibiotin) cholesterol-rich diets did not develop cholesterol 
fatty livers. Curran (165) observed that cholesterol synthesis was normal 
in the livers of biotin-deficient rats. 

Clowes & MacPherson (166) described a method for pancreatic ligature 
and bile duct transplantation in the rat. Rats with ligated pancreatic ducts 
developed fatty livers in spite of adequate protein intake. Administration 
of a suitable pancreatic enzyme preparation prevented this. Increased 
deposition of liver fat was reported by Jiménez Diaz & Castro-Mendoza 
(167) in animals with combined nephrectomy and bile duct ligature. 

Lipotropic action Best et al. (168) have advocated the need for 
construction of dosage response curves in the assessment of lipotropic 
action. The curves for choline, betaine, and inositol on fat-free and fat- 
containing diets were presented. The same workers (169) made a statistical 
evaluation of the lipotropic action of inositol and concluded that it has a 
significant lipotropic action on a fat-free diet. Dietary fat prevented its 
lipotropic action whether the inositol was given orally or parenterally. 
The importance of dietary protein level on liver cholesterol content in rats 
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has been demonstrated by Okey & Turner (170). Eckhardt et al. (171) 
showed that protein feeding caused improvement in the histological condi- 
tion of the liver in cirrhotic patients, as shown by repeated biopsies. The 
protein content of the diet was shown by Rogers et al. (172) to be the impor- 
tant factor in liver regeneration after partial hepatectomy in rats: dietary 
fat had no deleterious effect on regeneration. 

Bosshardt, Cieresko & Barnes (173) described the preparation of a new 
lipotropic extract of pancreas. Its lipotropic action was shown to be marked 
in pancreatectomised dogs by Gyérgy and co-workers (174). They also 
observed that the lipotropic activity was destroyed by boiling the prepara- 
tion for 3 min. Haanes & Gyérgy (175) found that the lipotropic extract 
contained a proteolytic enzyme with an excess of inhibitor. In the presence 
of duodenal juice, the inhibitory action was removed and active proteolysis 
occurred. The interrelations between choline and cobalamine (vitamin B:) 
have been studied by Burns & McKibbin (176), who considered that the 
cobalamine content of the ration might affect the dog’s demand for methyl- 
ating substances. A lipotropic action was attributed to folic acid by Kelley, 
Totter & Day (177). 

Levin & Farber (178) found that pituitary preparations increased liver 
fat in mice. This effect was abolished by adrenalectomy. Cortisone did not 
cause fatty livers, either in normal or adrenalectomised mice, but cortisone- 
treated adrenalectomised mice responded to pituitary hormones. Zimmer- 
man et al. (179) found a positive correlation between fatty liver and insulin 
insensitivity in diabetic patients. Zilversmit (180) showed that phospholipid 
turnover in the liver was approximately doubled in diabetic dogs as compared 
with normals. 

Choline metabolism.—A number of studies on choline metabolism have 
been reported. Arnstein (181) has studied the biosynthesis of choline 
methyl groups in the rat. Kensler & Langemann (182), in centrifugation 
studies of rat liver cells, found 78 per cent of the total choline oxidase activity 
of the cell associated with mitochondria. Artom, Crowder & Swanson (183) 
described the conditions which affect the incorporation of C¥-labelled choline 
into phospholipids in rat liver slices. The comparative rates of renewal of 
choline and phosphate in liver phospholipids have been studied by Tolbert 
& Okey (184). Zilversmit & DiLuzio (185) found that choline disappeared 
from the gastrointestinal tract, but did not appear to reach the blood 
stream, or to be accounted for by phospholipid formation. De la Huerga & 
Popper (186) showed that large amounts of choline were converted into 
trimethylamine by the action of intestinal bacteria in human subjects. 

McKibbin & Taylor (187) have studied tissue lipids in choline-deficient 
puppies and found a shift in the phospholipids towards the sphingosine group. 
Total liver phospholipids were unaltered. Colwell (188) found a decrease of 
lipid in the bile in choline-deficient rats. Hartroft (189) has given an interest- 
ing description of the formation of fatty cysts in the liver in choline-deficient 
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rats. The discharge of the fatty material from these cysts gave rise to inter- 
mittent fat embolism in other parts of the body. Sellers & Hartroft (190) 
also described the reabsorption of intracellular fat in choline-deficient fatty 
livers when choline was restored. Studies on other aspects of choline defi- 
ciency have been carried out by Schaefer, Copeland & Salmon (191) in dogs, 
by Engel & Alexander (192) in rats, and by Johnson e¢ al. (193) in young 
calves. 


ADIPOSE TISSUE 


The component glycerides of horse mesenteric fat have been shown by 
Gupta & Hilditch (194) to contain 16 per cent of linolenic acid. The absence 
of a high level.of linolenic acid in grass-fed sheep and cattle has been ex- 
plained by Reiser (195), who demonstrated that hydrogenation of linolenic 
acid occurred in the rumen. Lovern (196) has contrasted the characteristics 
of fish fats with animal and plant fats. 

Fenton and his co-workers (197, 198, 199) have reported interesting 
differences in fat deposition in different strains of mice. Repeated inbreeding 
of yellow mice abolished their tendency to obesity under normal laboratory 
conditions. With suitable synthetic diets yellow mice became obese, but their 
non-yellow litter-mates did not. 

Krider & Guerrant (200) studied the relationships between thiamine 
and fat in the nutrition of the rat. With a thiamine intake of 2 ug. or more 
per day, the extent of fat deposition varied directly with fat intake. 

Scott & Engel (201) showed that insulin, but not anterior pituitary 
hormone, increased the glycogen content of interscapular tissue in the 48- 
hr. fasted rat, irrespective of the blood sugar level. Renold, Marble & Faw- 
cett (202) showed that large doses of insulin caused greater glycogen dep- 
osition in adipose tissue cells of diabetic than of normal rats. Repeated 
daily injection of large doses of protamine zinc insulin for five to nine weeks 
resulted in a 66 per cent increase in lipids on the injected side. Adrenalecto- 
mised rats starved for five days were found by Stoerk & Porter (203) to 
lose four times as much adipose tissue as similar animals injected with corti- 
sone and twice as much as sham-operated controls. The fat loss was not 
prevented by DOCA. Adrenalectomised starved rats allowed to feed, ad lib., 
recovered adipose tissue normally. Campbell & Lucas (204) found a de- 
crease of total body lipid in mice injected with anterior pituitary extract. 

Brobeck and co-workers (205) fed deuterium-labelled tristearin in Wesson 
oil to normal rats and to animals with a lesion of the hypothalamic ventro- 
median nucleus. The mean weight of the operated animals was 44 per cent 
greater than that of the controls in three months. Decline of isotopic fat 
in the depots of the operated animals was slower than normal. Anand & 
Brobeck (206) described the abolition of hyperphagia and obesity resulting 
from a lesion of the ventromedial nucleus of the hypothalamus by a second 
bilateral lesion in the extreme lateral part of the hypothalamus. In normal 
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animals this lesion caused complete inhibition of food intake. Clément 
(207) described further experiments illustrating the relationships between 
the pituitary gland and adrenals on fat mobilisation from the depots. 

Changes in lipodystrophy and sex differences in fat deposition have been 
investigated by Edwards in human subjects (208), using the skin fold 
measurement technique. The measurement of body fat content in the human 
living body has been investigated by Brozek & Keys (209), who have 
analysed the criteria for assessing leanness-fatness in men of various age 
groups, and by McCance & Widdowson (210), using data from body water 
measurements. 


NERVous SYSTEM 


Thannhauser, Boncoddo & Schmidt (211) have described the isolation 
and properties of acetal phospholipid from beef brain and of glyceryl 
phosphorylcholamine derived from it. Folch & Lees (212) have reported the 
isolation of new proteolipids from a number of tissues, the richest source 
being brain white matter. The proteolipids were insoluble in water, but 
freely soluble in chloroform-methanol mixtures. 

Folch, Arsove & Meath (213) have also separated a new large molecule 
component, strandin, from brain tissue. It is freely soluble in water and 
may be extracted from brain tissue with a 2:1 chloroform-methanol mixture. 
It is especially abundant in grey matter and contains fatty acids, sphingo- 
sine, carbohydrate, a primary amine, and a chromogenic group. An identical 
product has been prepared by three methods. It is electrophoretically homo- 
geneous, and ultracentrifuge studies showed a main component (80 per cent) 
with a minimal mol. wt. of 250,000. Folch and co-workers (214) also de- 
scribed a simple method for the preparation of lipid extracts from brain 
tissue. A lipoprotein complex in the white matter of the brain which is re- 
markably resistant to proteolytic enzymes is reported upon by Folch & 
Le Baron (215). The lipid phosphorus in the complex is extremely difficult to 
extract and accounts for 40 per cent of the residual phosphorus left in 
white matter after the application of the usual extraction methods. 

Methods for the microdetermination of phospholipids and sphingolipids 
in brain were described by Robins & Lowry (216). McGhee, et al. (217) 
observed a 10 per cent reduction in brain phospholipids in rabbits after 
massive dosage with insulin; the effect was not prevented by adminis- 
tration of glucose or lecithin. Bieth & Mandel (218) have studied the 
development of lipids in the chick brain. There was a great increase of 
lipids and proteins between the tenth and nineteenth days of incubation. 
Roizin (219) has reported upon the histopathological and histochemical 
changes involved in demyelinating lesions of the central nervous system in 
monkeys and human subjects. Tyrell & Richter (220) found that the 
cerebroside content of isolated nuclei from human cortical cells was 100 
per cent greater than that of the whole tissue. No difference was observed 
by Banerjee (221) in the cerebroside content of the brain in rabbits fed with 
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whole milk or skim milk, although other changes in galactose metabolism 
were observed. 

McColl & Rossiter (222) examined the lipid content of the nervous system 
of the squid Loligo Pealii. The results support the view that there is a thin 
lipid-containing sheath round the axon of the giant fibre of the stellar nerve. 
No cerebrosides or esterified cholesterol were found in the squid nervous 
system. The axoplasm resembled human grey matter. Elkes & Finean (223) 
have studied the effect of drying and of lipid solvents in the myelin sheath 
of the frog’s sciatic nerve, using x-ray diffraction and microanalytical 
methods. Burt, NcNabb & Rossiter (224) investigated the effect of crushing 
of peripheral nerve upon the content of lipids; neutral fat, cerebroside, 
free cholesterol, phospholipid, and sphingomyelin all decreased initially and 
cholesterol esters appeared. The lipids gradually returned at different rates 
and to varying degrees. 


BLoop VESSELS 


The factors concerned in the deposition of lipids in the walls of blood 
vessels have been further studied. Biggs & Kritchevsky (225) found that 
seven days after a single injection more tritium-labelled cholesterol could 
be accounted for in the blood and tissues of hypercholesterolaemic than 
of normal rabbits. The bulk of the cholesterol in atheromatous deposits 
was of exogenous origin. Stamler & Katz (226) observed that in chicks fed 
cholesterol and cottonseed oil, gross atherosclerosis developed in relation 
to hypercholesterolaemia, whether the cholesterol/phospholipid ratio was 
high or not. Rodbard, Bolene & Katz (227) also related atherogenesis to 
cholesterol intake and found that it was not prevented by restricting the 
intake of a cholesterol-rich diet to two-thirds normal. Peterson & Hirst 
(228) found that regression of atherosclerosis was related to cholesterol 
feeding in chicks. According to Stamler & Katz (229), pancreatectomy 
intensifies atherogenesis in the chick. Moses & Longabaugh (230) demon- 
strated an abrupt onset of atherosclerosis in hypercholesterolaemic rabbits 
after the production of renal damage with uranium acetate. The combination 
of experimental injury to the coronary arteries and altered fat metabolism 
has been studied in relation to atherogenesis by DeSuto-Nagy & Waters 
(231) and McCormick, Lippard & Holman (232). The possible importance 
of particulate fat in atherosclerosis has been reported upon by Zinn & 
Griffiths (233) and by Necheles (234). Gertler et al. (235) found no correla- 
tion between development of atherosclerosis and cholesterol intake in man. 

Morrison & Gonzales (236) reported decreased mortality in cases of 
coronary atherosclerosis treated with choline. Davidson, Meyer & Kendall 
(237) could show no effect of choline on blood lipids, liver fat, or severity 
of arterial lesions in dogs on an arteriosclerosis-producing regime. Neither 
choline nor inositol was found to have any effect on plasma or tissue lipids, 
nor on the incidence of stilboestrol-induced or spontaneous atherosclerosis 
in chicks [Stamler ef al. (238)]. Firstbrook (239) found no difference in 
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blood cholesterol content, or degree of atherosclerosis, in cholesterol-fed 
rabbits with and without choline. Balatre & Merlen (240) showed that 
inositol was ineffective in preventing atherosclerosis in rabbits, but the 
acetyl ester of inositol may have some action. 

Gofman et al. (241) have described a reorientation in the distribution 
of low density lipoproteins in man and rabbits after administration of 
heparin. Heparin prevented the development of a high level of lipoprotein 
of S;10 to 20 in cholesterol-fed rabbits and delayed the development of 
atherosclerosis. Stamler et al. (242) showed that desiccated thyroid reduced 
the incidence of atherosclerosis in chicks with stilboestrol-induced hyper- 
lipaemia, although the effects on the blood lipids were only temporary. 
In hypothyroid human subjects with atherosclerosis, Soffer et al. (243) 
observed a reduction in the cholesterol/phospholipid ratio after the adminis- 
tration of thyroid extract. The general state of new knowledge in this field 
has been briefly reviewed by Firstbrook (244) and by Russ, Ede & Barr 
(245). 

OTHER TISSUES 


Carroll (246) reported that the feeding of rape seed oil or Swede turnip 
seed oil to rats markedly increased cholesterol ester deposition in the 
adrenal cortex, except in hypophysectomised animals. Hékfelt (247) 
observed that the normal oestrogen-induced deposition of cholesterol in 
rat corpus luteum was prevented by pregnant mare serum gonadotrophin, 
or cleared by hypophysectomy. A relationship of cholesterol in the testis 
to spermatogenesis has been demonstrated by Perlman (248) and by 
Lynch & Scott (249). Lipid changes in the ovaries of the sow during the 
oestrus cycle have been studied by Barker (250). Breckenridge & Pom- 
merenke (251) described the lipids in human cervical mucus. Fat deposition 
in the kidneys of the cat was found by Lobban (252) to be most extensive 
in pregnancy and in castrated males. Xeros (253) reported on the lipo- 
chondria and Golgi organs of mouse pancreatic cells. 

Flesch (254) showed that squalene caused complete reversible local 
depilation on a single application in rabbits and guinea pigs, but not in 
mice. Human sebum was shown by MacKenna, Wheatley & Wormall (255) 
to contain 37 to 46 per cent squalene, 17 to 25 per cent aliphatic alcohols, 
and 14 to 19 per cent cholesterol. 

Conversion of glycogen to fat by the botfly (Gastrophilus tntestinalis) 
has been studied by Levenbook (256). Hurst (257) described electron diffrac- 
tion studies of the lipids from the pupal skin of Calliphora erythrocephala. 
The wax moth (Galleria mellonella) was found by Niemierko and co-workers 
(258) to utilise 50 per cent of ingested waxes. 


ANABOLIC AND CATABOLIC REACTIONS 
BIOSYNTHESIS 


Recent work on the biosynthesis of fatty acids and cholesterol and on 
fat oxidation has been reviewed by Gurin & Crandall (259). 
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Fatty acids —That acetoacetate does not give rise to fatty acid has been 
further supported by the work of Zabin & Bloch (260), who concluded that 
the starting material for the synthesis of fatty acids and cholesterol may 
be identical, but that the pathways diverge at an early stage. Olson, Hirsch 
& Jones (261) found that rat heart muscle forms fatty acids from acetate or 
glucose, but does not synthesise cholesterol. The effect of fasting on lipo- 
genesis in rats has been studied by Hutchens et al. (262). The independent 
formation of saturated and unsaturated fatty acids in bone marrow homog- 
enates was demonstrated by Altman, Richmond & Salomon (263); synthesis 
was enhanced by x-irradiation. 

By analysis of the milk, Popjak, French & Folley (264) demonstrated 
the formation of long chain fatty acids from C-acetate by the mammary 
gland of the goat. Popjak et al. (265) also showed that all C., saturated 
fatty acids up to palmitic are formed by addition of 2-carbon fragments to 
shorter chain acids. French & Popj4k (266) found that C™-glucose also gave 
rise to labelled milk fats in the rabbit. Folley et al. (267) demonstrated the 
synthesis of fat in the perfused isolated bovine udder from labelled acetate, 
but not from bicarbonate. 

Cholesterol—In agreement with other workers in this field, Curran 
(268) observed that acetoacetate is converted to cholesterol without in- 
volving acetone or acetate as intermediates. Zabin & Bloch (269) fed 
doubly labelled isovalerate to rats and demonstrated that all the carbon 
atoms of the isopropyl group were utilised in forming acetyl groups, fatty 
acids, and cholesterol. It was suggested that the isopropyl group forms 
acetoacetate or some other 4-carbon fragment as an intermediate in choles- 
terol formation. Curran & Rittenberg (270) showed that ethanol is not an 
immediate precursor in cholesterol biosynthesis. 

Acetoacetate-—Chaikoff et al. (271) injected rats with tripalmitin con- 
taining 1,5,11-C™-palmitic acid. In 3 hr., 13 per cent of the injected palmitic 
acid had formed carbon dioxide or acetoacetic acid, the three labelled carbons 
being equally represented in each. At least 80 per cent of the acetoacetate 
was formed by random condensation of 2-carbon fragments. Plaut & Smith 
(272) demonstrated acetoacetate formation from 1-C™-caproate in goats. 
The radioactivity predominated in the carboxyl carbon of the acetoacetate. 
Stadtman, Doudoroff & Lipmann (273) used a combination of purified 
bacterial phosphotransacetylase and pigeon liver extract to show that in 
this system acetoacetate was formed by the condensation of two activated 
2-carbon units, and that nonactivated acetate did not take part. Plaut 
& Lardy (274) demonstrated the incorporation of carbon dioxide into the 
carboxyl group of acetoacetate formed by rat liver homogenates from a 
number of precursors. The isopropyl group of isovalerate was converted 
into acetoacetate by the stoichiometric fixation of carbon dioxide. 

General——Pennington (275) reported that butyrate and acetate, but 
not propionate, gives rise to ketone bodies after absorption from the sheep 
rumen. Carter & Phizackerley (276) showed that the total lipid content is 
reduced in pyridoxine deficiency in rats. The decrease of lipid was attributed 
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to faulty synthesis of fat from carbohydrate. Gruber (277) was unable to 
find any effect upon synthesis of fat from carbohydrate in force-fed pigeons 
suffering from thiamine deficiency. 

Hormonal factors —Altman, Miller & Bly (278) found that insulin 
favoured fatty acid synthesis in perfused rat livers, but cortisone caused 
an increase of cholesterol formation. Balmain & Folley (279) showed that 
insulin did not stimulate fatty acid synthesis from acetate and glucose in 
rat mammary slices taken before parturition; sheep mammary slices showed 
no effect with insulin at any time. 

Tepperman & DeWitt (280) confirmed the observation that hypophy- 
sectomy reduces ketogenesis in rats. Growth hormone increases ketogenesis 
in liver slices after hypophysectomy—at first without and later only with 
cortisone treatment. The increase of ketonuria by threatening situations 
has been studied by Hinkle, Conger & Wolf (281), who concluded that this 
effect was dependent upon stimulation of the pituitary-adrenal mechanism. 
Ketonuria in soldiers under conditions of stress has also been investigated by 
Sargent & Consolazio (282). Foa & Weinstein (283) have differentiated their 
insulin-free pancreatic extract, which reduces ketonuria, from the hyper- 
glycaemic factor. 


Fat OXIDATION 


Geyer et al. (284) studied the oxidation of various C-labelled fats in 
normal, partly hepatectomised, and eviscerated rats. The rate of oxidation 
was normal in the operated animals, although over-all oxidation was reduced. 
Weinman et al. (285) found that almost identical quantities of labelled 
carbon dioxide were formed after the intravenous injection of triglyceride 
containing 1-C-stearic acid or 6-C™-stearic acid. The labelled fat in the 
depots after 24 hr. was mainly 18-carbon fatty acid, but some palmitic acid 
appeared to have been derived from stearic acid. The distribution of deuterio- 
lauric acid in the body was studied by Jetton, Sherman & Harris (286). 

Geyer & Waddell (287) found that carbohydrate administration reduces 
the oxidation of intravenously injected long chain fatty acid by half, and 
increases its incorporation into phospholipids and depot fat. Starvation had 
the reverse effect. Geyer, Shaw & Greep (288) reported that hypophysectomy 
did not affect the oxidation of octanoic acid or trilaurin in rats. Strisower, 
Chaikoff & Weinman (289) examined the conversion of 1-C™-palmitic acid 
and 6-C™-palmitic acid to glucose in normal and alloxan-diabetic rats. 
They concluded that less than 5 per cent of the total glucose which turned 
over per hour was derived from fatty acids in normal rats and less than 10 
per cent in diabetic animals. 

Kennedy & Lehninger (290) showed that the oxidation of fatty acids in 
liver mitochondria of rats was activated by coupled oxidative phosphoryla- 
tion associated with oxidation of dihydrodiphosphopyridine. Fantl, Lincoln 
& Nelson (291) found that dinitrophenol enhanced the oxidation of octanoate 
and pyruvate by rat liver slices, but under similar conditions inhibited the 
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oxidative phosphorylation of fructose. The relationship of fat oxidation and 
ketone formation to the oxidative cycles has been investigated in rat liver 
slices by Geyer, Cunningham & Pendergast (292) and by Recknagel & 
Potter (293), and in the intact animal by Beatty & West (294). Autoxidation 


in lactating mammary gland of the guinea pig has been studied by Moore 
& Nelson (295). 


MICROBIOLOGY AND ENZYMES 


Cheng et al. (296) demonstrated a biotin-like effect of the isomers of 
octadecenoic acid on L. arabinosus. Biosynthesis of fatty acids has been 
studied in E. coli (297), B. megatherium (298), F. vasinfectum (299), and in 
yeasts (300). Inhibition of bacterial growth by fatty acids has been investi- 
gated in milk by Tomarelli et a/. (301), on the skin by Squire and co-workers 
(302), and in culture by Dumoff & Duffy (303) and Hassinen et al. (304). 
A lipopolysaccharide extracted from tubercle bacilli has been described by 
Asselineau et al. (305). 

Several investigations on serum lipase with special reference to pancreatic 
function have been reported (306, 307, 308). Fodor (309) has continued his 
studies on activation and inhibition of pancreatic lipase. Tuba & Hoare 
(310) have studied serum tributyrinase in normal and tuberculous subjects. 
The relationship of liver damage to enzyme activity has been described by 
Koch-Weser et al. (311). The kinetics of hydrolysis of caprylyl glyceride by 
rabbit liver esterase have been studied by Schgnheyder (312). The lipases 
developed in Penicillium and Aspergillus have been investigated by Shipe 
(313) and Goodman (314). 

A method for the production of fat necrosis has been described by 
Popper & Necheles (315). 
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Much of the material to be discussed in this article has been reviewed in- 
dividually through the years in chapters of the Annual Reviews of Biochemis- 
try dealing with the metabolism of either carbohydrates or fats. It is the pur- 
pose of the present review to correlate a few selected phases of fat and car- 
bohydrate metabolism and to emphasize those areas in which the pathways 
of the two converge and overlap. In doing this, it will be necessary to cover 
the literature not only of the past year but to include material which ap- 
peared earlier. On the other hand, papers to be reviewed have been limited 
to those which are pertinent to the present topic. A comprehensive coverage 
of the general area has not been attempted. 

The metabolism of fat and carbohydrate is interrelated in a variety of 
ways. Carbohydrate is the normal precursor and therefore the carbon source 
of fat. One section of this review will therefore deal with the molecular trans- 
formation of carbohydrate metabolites into the building units which are em- 
ployed in fatty acid synthesis. Carbohydrate appears to have the additional 
role of supplying the energy which is necessary to form fatty acids from 
small molecular precursors. Variations in carbohydrate metabolism will 
therefore effect fat synthesis both directly and indirectly. For the same 
reason, fat metabolism will be subject to the control of hormones which exert 
their primary effect on carbohydrate metabolism. 

Two-carbon units are produced in the dissimilation of both fat and car- 
bohydrate, and at this stage their metabolic pathways become indistinguish- 
able. The citric_acid cycle which effects the oxidation of two-carbon units 
to carbon dioxide and water, is therefore as much a mechanism of fat oxida- 
tion as it is of carbohydrate oxidation. Consideration of the cycle itself is 
outside the scope of this review, but conditions which determine the entry 
of two-carbon intermediates into the cycle or direct them into alternate 
pathways will be discussed. 

A conversion of fat into carbohydrate takes place in the sense that fatty 
acid carbon becomes incorporated into sugar, but this transformation is not 
a reversal of fat formation from carbohydrate. A net synthesis of carbohy- 
drate from two-carbon units may well take place in microorganisms, but it 
is thought to be of little significance in the animal body. 

Over-all conversion of carbohydrate to fat——Animals on a fat-free diet de- 
posit fat in the tissues and hence must synthesize it from carbohydrate as 
the major carbon source. The earlier evidence for this transformation from 


1 The survey of the literature pertaining to this review was concluded in February, 
1952. 
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R.Q. measurements and balance data has been reviewed by Deuel & More- 
house (1). The tracer technique has revealed the rapid metabolic turnover 
of body fat, and from such data it becomes clear that the conversion of car- 
bohydrate to fat must constitute a major route of glucose metabolism. 
Stetten & Boxer (2), using the D,O technique, estimate that in rats on a fat- 
free diet, about 30 per cent of the administered glucose is handled by way of 
fat. This figure is based on the half-time value of nine days for body fatty 
acids reported by Bernhard & Bullet (3); it would be substantially lower if 
the value found by Pihl et al. (4) of 16 to 20 days were made the basis of the 
calculation. Also the role of glycogenic protein constituents was not con- 
sidered in this calculation. 

A more direct answer to this problem has been obtained by Masoro e¢ al. 
(5) who found that in mice and rats which were kept on an essentially fat- 
free diet, 10 to 15 per cent of a dose of uniformly labeled C“ glucose could 
be recovered as fatty acids after 24 hr. This percentage was not markedly 
lowered in eviscerated rats, indicating that extrahepatic tissues possess the 
enzymatic machinery to carry out the over-all conversion of glucose to fatty 
acids. Information of a similar nature had earlier been obtained by Gurin 
et al. (6). In fasted, phlorizinized rats, a minimum of 30 per cent of an ad- 
ministered dose of 2,3-C® lactate could be accounted for by the C™ content 
of liver and muscle fat. A calculation based on the data of Anker (7) leads 
to the conclusion that in the well-nourished rat, 20 to 25 per cent of a given 
dose of pyruvic acid is converted to fatty acids. The conversion values ob- 
served for lactate or pyruvate presumably measure the utilization of glyco- 
genic amino acids as well as of glucose. Taken together, all these experiments 
clearly show that, in the dissimilation of glucose, fat synthesis is a quantita- 
tively important pathway. 

Acetate as a precursor of fatty acids—The current view that fatty acids 
are synthesized by multiple condensation of two-carbon units is based on 
the following evidence. Butyric acid, which is synthesized by Clostridium 
Kluyveri in the presence of carboxyl labeled acetate, contains isotopic car- 
bon in the 1 and 3 positions in equal concentrations (8). In the same or- 
ganism, fermentation of 1-C™ butyrate and unlabeled ethanol leads to 
hexanoic acid which is labeled at the 3 position only (9). The higher fatty 
acids, isolated from animals which had been fed singly labeled acetate, con- 
tain tagged carbon at alternate positions along the entire fatty acid chain 
(10). This conclusion was based on a comparison of (a) the isotope concen- 
trations of the carboxyl carbon of the fatty acid and of the molecule as a 
whole, and (b) the relative isotope concentrations of the azelaic and pelar- 
gonic acid fragments of oleic acid. In accord with earlier conclusions, Zabin 
(11) has recently found that in the higher fatty acids formed in rat tissues 
from labeled acetate, the terminal ethyl group contains the same isotope 
concentrations as the remainder of the chain. Popjak et al. (12) have studied 
the mode of formation of milk fatty acids in the goat. When labeled acetate 
was the precursor, the isotope distribution in the short-chain as well as in 





a 


~~ = -—_ <= 





LIPID AND CARBOHYDRATE METABOLISM 275 


the long-chain fatty acid conformed with the concept of multiple condensa- 
tion of C; units derived from acetate. That the two carbon atoms of acetate 
are equally utilized in this process has been shown with the aid of acetate 
containing the two carbon isotopes, C“ and C*, The tissue fatty acids con- 
tained the two-carbon isotopes in the same ratio as the labeled precursor 
(13). This is also the case for the fatty acids of yeast grown on a medium con- 
taining nonlabeled glucose and doubly labeled acetate (14). 

The experiments using labeled acetate as a precursor in fatty acid syn- 
thesis have established that acetic acid itself is readily converted to the active 
intermediary which enters the condensation process. It is inferred therefore 
that constituents in the diet are the normal source of these two-carbon frag- 
ments. The fatty acids themselves are metabolized by way of two-carbon 
units which can be utilized for the rebuilding of the chains. This has been 
shown for butyric acid (15) and myristic acid (16) in the intact rat and for 
several short-chain fatty acids in isolated liver (17). 

The reutilization of fatty acid split products signifies the formal identity 
of such two-carbon fragments with those employed for synthesis and sug- 
gests that two-carbon units are common intermediates in fat formation from 
various precursors. The statement that fatty acids are synthesized from two- 
carbon units should merely be taken to indicate the adequacy of acetate as 
a carbon source. Whether or not a net synthesis of fat takes place will de- 
pend on the availability of reactions which yield the energy necessary for 
the activation of acetate, for the condensation of the C, units and for the 
reduction of the condensation products. Information on some of these inter- 
relationships is available from studies with microorganisms. Extracts of 
C. Kluyveri synthesize butyric and hexanoic acids from ethanol and acetate 
as the only carbon sources (18). The oxidation of ethanol to acetyl phos- 
phate furnishes both the activated intermediate and the reductant which 
brings about the conversion of the intermediary condensation product (B- 
keto acid) to the saturated fatty acid (19). 

Neurospora mutants have been obtained which fail to convert glucose 
beyond the pyruvate stage and therefore require acetate or ethanol for 
growth (20). When such strains are cultured on a medium containing glucose 
and labeled acetic acid, the fatty acids isolated from the mycelium contain 
about 90 per cent of the isotope concentration of the acetate in the medium, 
showing clearly that nearly all of the fatty acid carbon was derived from the 
added acetate (21). Under such conditions glucose does not furnish carbon 
atoms for fat synthesis to an appreciable extent but may be assumed to par- 
ticipate in the process by supplying energy. 

Net formation of fat from added acetate has been demonstrated in resting 
yeast (22, 23). When acetate is the only substrate, the fat content of the cells 
increases, presumably with simultaneous dissimilation of endogenous car- 
bohydrate. In some animal tissues, a net formation of fat from acetate can 
be shown to occur. Mammary tissue of ruminants utilizes acetate with a 
respiratory quotient greater than one (24). The addition of glucose to sliced 
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mammary tissue of rats (24, 25) and of pyruvate or acetate to retroperi- 
toneal adipose tissue (26) likewise elevates the R.Q. to values well above 
unity. 

Intermediates in the conversion of glucose to fat.—Available evidence indi- 
cates that in the transformation of glucose to fat, two-carbon intermediates 
arise by the conventional Embden-Meyerhof path of glycolysis and subse- 
quent oxidative decarboxylation of pyruvate. This hypothesis can be tested 
by studying the conversion of specifically labeled glucose to fatty acids and 
by establishing the location of the carbon isotope in the fatty acid mole- 
cule.2 A partial answer has been obtained from studies on the metabolism 
of 1-C™ glucose by yeast. As shown by Koshland & Westheimer (27), the 
fermentation of 1-C™ glucose yields ethanol containing C™ in the methyl 
group in amounts which are expected from glycolysis and decarboxylation 
of pyruvate. When yeast is grown on a medium containing 1-C™ glucose and 
C acetate, the acetic acid recovered and the fatty acids from the cells have 
a C™ content which likewise conforms with the accepted pathways of glucose 
metabolism (28). Therefore, fermenting or growing yeast does not appear to 
metabolize any substantial portion of glucose by other routes. For example, 
the heterolactic breakdown of glucose, observed in Leuconostoc mesenteroides 
(29, 29a) which would yield an unlabeled two-carbon unit from 1-C™ glucose 
cannot be an important route in yeast. 

A number of investigators have demonstrated the conversion of pyruvate 
or lactate to fatty acids. As noted before, Gurin et al. (6) have observed an 
incorporation of labeled carbon from 2-C* lactate into the lipids of phlori- 
zinized rats. Anker (7) has compared the utilization of 1-C™ pyruvate and 
of 2-C™ pyruvate for acetyl formation and for the synthesis of fatty acids 
and cholesterol. Isotopic carbon was incorporated into all three products 
from carbonyl-labeled pyruvate but not from the carboxyl group of pyru- 
vate. According to Felts et al. (30), 2-C™ lactate and 3-C™ lactate are utilized 
for fatty acid synthesis in liver slices with equal efficiency while 1-C™ lactate 
is inactive. It is clear, therefore, that in these transformations the carboxyl 
carbon of pyruvate is lost. The resulting C. intermediate enters into fatty 
acid synthesis as a unit, as does acetate. Moreover, since Anker (7) has 
shown that the isotopic carbon transferred to the higher fatty acids from 
2-C™ pyruvate is present at odd numbered positions and is randomly dis- 
tributed over the molecule, acetate, and carbon atoms 2 and 3 of pyruvate 
appear to enter the fatty acids by the same mechanism. Indicative of the 
isotopic composition of the C; fragment derived from pyruvate is the finding 
of Shreeve (31) that the acetyl groups of N-acetyl phenylaminobutyric acid, 
formed from 2-C™ lactate either in the intact rat or in kidney slices, con- 
tained over 90 per cent of the carbon label in the carbonyl position. 3-C™ 


? Popjak (26a) has found that the fatty acids formed from 1-C™ glucose in animal 
tissues contain the isotopic label at the even-numbered carbon atoms. This result 
indicates that glucose is utilized by way of pyruvate and methyllabeled acetyl units. 
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serine yields acetyl groups of similar isotope distribution (32), suggesting 
that this amino acid is in part metabolized by way of pyruvate. While the 
redistribution of pyruvate carbon during the formation of acetyl groups or 
fatty acids is only slight, the a- and B-carbon atoms of pyruvate or lactate 
become largely randomized in the course of glycogen synthesis (33, 34). 
When a-labeled lactate is the precursor, the glucose units of glycogen con- 
tain isotopic carbon at carbon atoms 1 and 6 in nearly as high concentrations 
as at the 2,5 positions. On the other hand, a direct conversion of a- or B- 
singly labeled lactate or pyruvate to glucose by reversal of the glycolytic 
steps, should yield a hexose which is labeled only at carbon atoms 2 and 5, 
or at 1 and 6. The extensive redistribution of the labeled carbon in the 
course of the lactate-hexose conversion is ascribed to the entry of pyruvate 
into reactions which yield a symmetrical four-carbon intermediate. Carbon 
dioxide fixation and interconversion of the dicarboxylic acids provide the 
mechanism by which pyruvate, which is initially labeled only at the a- or 
B-carbon, can be transformed into a three-carbon compound (not neces- 
sarily pyruvate itself), with isotopic carbon equally distributed between the 
a and B positions. From the extent of randomization Lorber et al. (34) esti- 
mate that, under the conditions of their experiment, less than one-fifth of 
the administered lactate carbon entered liver glycogen directly by reversal 
of the glycolytic path. 

Topper & Hastings (35) similarly conclude that in liver slices, carboxyla- 
tion of pyruvate to oxaloacetate and equilibration by means of the “‘dicar- 
boxylic acid shuttle” are four times as fast as the reactions leading from py- 
ruvate to glycogen. Viewed in terms of the currently accepted schemes for 
glycogen synthesis, these results appear to indicate that the bulk of the py- 
ruvate molecules which appear in glycogen have previously been converted 
into and regenerated from a dicarboxylic acid. If this interpretation were 
correct, other products of pyruvate or lactate metabolism should show 
similar evidence of prior passage of the substrate through the ‘‘dicarboxylic 
acid shuttle.”” As has been mentioned, little redistribution of isotopic carbon 
occurs in the conversion of singly labeled lactate or pyruvate into N-acetyl 
groups (31) or fatty acids (7). Evidently, the pyruvate molecules, which are 
used for glycogen synthesis and those which form Cz: units, differ in isotope 
distribution and are therefore not drawn from the same pool. Fatty acid syn- 
thesis in liver is a slower process than the synthesis of liver glycogen (2), and 
rate differences should therefore have an effect opposite of that which has 
been observed. It is conceivable that the equilibration process which mani- 
fests itself in the isotope distribution in glycogen does not return free pyru- 
vate with randomized a- and B-carbon atoms to the metabolic pool. In this 
case the “dicarboxylic acid shuttle” would not be an incidental reaction but 
might represent either an obligatory route or an alternative path for phos- 
phopyruvate synthesis. In order to explain the lack of randomization of iso- 
topic carbon in the C: products of pyruvate, it would be necessary to assume 
that any phosphopyruvate which is formed by way of dicarboxylic acids is 
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only slowly reconverted to free pyruvate. Since the demonstration by Lardy 
& Ziegler (36) that pyruvate can be phosphorylated directly, earlier sugges- 
tions of phosphorylated dicarboxylic acids as intermediates (37) have been 
largely abandoned. However, the relationships discussed here would seem 
to necessitate a reconsideration of pathways for glycogen synthesis other 
than the direct phosphorylation of pyruvate. 

It should be pointed out that the isotope data for glycogen on the one 
hand, and for acetyl groups and fatty acids on the other, have been obtained 
from experiments which are not directly comparable. The feeding experi- 
ments of Lorber et al. (33, 34) were carried out with previously fasted ani- 
mals and those of Topper & Hastings (35) with liver slices. On the other 
hand, the conversion of lactate and pyruvate to two-carbon intermediates 
has been studied in the well-fed animal (7, 31). For further clarification, it 
will be necessary, therefore, to compare the various metabolic pathways of 
lactate and pyruvate under identical experimental conditions. 

The participation of the ‘‘dicarboxylic acid shuttle” in glycogen synthe- 
sis is evident also in the conversion of propionic acid to glycogen (38). The 
isotope distribution found in glycogen after the administration of a- or B- 
labeled propionic acid is the same as that obtained with pyruvate or lactate, 
except that in the case of propionate, the a- or B-carbons become completely 
randomized. According to Lorber et al. these results suggest a more complex 
set of reactions than the direct conversion of propionate to pyruvate. These 
authors consider the possibility of a C; plus C; addition to yield succinate 
directly from propionate, a reaction for which some evidence exists in micro- 
organisms (39). The first intermediate in the propionate-glycogen conversion 
would be a symmetrical molecule and hence the a- and §-carbons of pro- 
pionate would become completely randomized. If the carboxylation reaction 
were obligatory, the conversion of propionate to other metabolic products, 
such as acetyl groups or fatty acids, should also be accompanied by complete 
redistribution of the a- and §-carbon atoms of propionate. According to 
Shreeve (40), a complete randomization of the a- and 8-carbons of propio- 
nate does indeed occur during the conversion to N-acetyl groups. Bloch & 
Rittenberg (41), on the basis of acetylation experiments with deuteriopro- 
pionate, had earlier concluded that oxidation to pyruvate is probably not 
the intial step in the metabolism of propionate. 

Comparison of pyruvate and acetate as fat precursors—Results of feeding 
experiments have emphasized the ready conversion of acetic acid into what 
is termed the active two-carbon unit. Of particular interest are the experi- 
ments of Anker (7) in which the utilization of 1-C™ acetic acid and 2-C™ 
pyruvate were compared in the same animal. When equimolar amounts of 
the two substrates were fed concurrently, the fraction of newly synthesized 
fatty acids which was derived from acetate was about twice as great as that 
derived from pyruvate. The formation of N-acetyl groups was studied simul- 
taneously and the data indicate that the isotope concentration in the 
“‘acetyl”’ pool after the feeding of acetate is several times greater than after 
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the feeding of pyruvate. Pyruvate carbon is therefore diluted to a greater 
extent in the tissues and for this reason appears to be a less efficient carbon 
source for fatty acids. Actually, the more extensive dilution of pyruvate 
carbon may merely reflect the great diversity of pathways which pyruvate 
can enter. Only part of a given dose of pyruvate enters the acetyl pool, the 
remainder being used for the synthesis of glycogen, amino acids, etc. 

In liver slices, carbon from labeled acetic acid is rapidly incorporated 
into the higher fatty acids (42, 43) and in this system also acetate seems to 
be superior to pyruvate as a carbon source. When the incubation media con- 
tain both 1-C* acetate and 2-C™ pyruvate, more than twice as great a frac- 
tion of fatty acid carbon was derived from acetate than from pyruvate (44). 
This was true over a concentration range of 0.002 to 0.02 M for the two sub- 
strates (45). In liver slices, pyruvate is rapidly converted to glycogen (35) 
and hence diversion of pyruvate into alternative pathways may account for 
its relatively inefficient conversion to fatty acids. 

Identity of the two-carbon unit in fatty acid synthesis—From the vast 
body of experiments which have been carried out in recent years, it appears 
that acetic acid exists in several metabolically active forms. For information 
on the most recent developments in this area, the reader is referred to re- 
view articles by Lipmann (46), Barker (47), and by Lynen et al. (48). Much 
information regarding the nature of the C, building units which are em- 
ployed in fatty acid synthesis has come from studies with C. Kluyveri. Re- 
sults obtained by Kennedy & Barker (49) on butyrate oxidation in this or- 
ganism suggest (47) that for every two carbon atoms of a fatty acid chain 
one mole of acetyl coenzyme A is formed. In a secondary transformation, 
catalyzed by phosphotransacetylase (50), acetyl phosphate is formed releas- 
ing coenzyme A for further activation of the shortened fatty acid. Since in 
C. Kluyveri the splitting of butyrate to acetyl phosphate is reversible (51), 
this scheme further implies that acetyl CoA is the unit which is immediately 
involved in the condensation process. This step appears to be identical with 
the reaction discovered in Lipmann’s laboratory (52, 53) which yields aceto- 
acetate from two moles of acetyl phosphate in the presence of pigeon liver 
enzyme and bacterial phosphotransacetylase. The C. Klwyvert system can 
provide the appropriate hydrogen donors to convert the condensation prod- 
uct into butyrate (51). Free acetoacetate is not reduced under these condi- 
tions (54) and hence it is believed that the activation occurs at the C2 stage, 
leading directly to an acetoacetate complex. So far, no conditions have been 
found which permit the reaction to proceed beyond the acetoacetate stage 
in extracts of animal tissues. 

The available evidence indicates that acetoacetate as such is not an in- 
termediate in fatty acid synthesis in animal tissues. Carbon from labeled 
acetoacetic acid is not incorporated into the fatty acids of rat liver slices al- 
though labeled cholesterol is formed under these conditions (55). Experi- 
ments with labeled butyrate in intact animais also seem to rule out aceto- 
acetate as an intermediate (15). It is conceivable that in animal tissues, as 
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in the C. Kluyveri system, acetoacetate cannot be activated directly but that 
the reactive intermediate arises during the condensation from C2 units. 
Brady & Gurin (56) have recently been able to demonstrate a synthesis of 
the higher fatty acids from labeled acetate in homogenates of pigeon liver. 
However, the animal systems which are at present available for the study 
of fatty acid synthesis are far too complex to permit an interpretation of the 
data in terms of reaction mechanisms. 

Evidence is accumulating from enzymatic studies that in all synthetic 
processes in which two-carbon units participate, the S-acetyl derivative of 
coenzyme A discovered by Lynen & Reichert (57) is the actual reactant. The 
formation of acetyl sulfanilamide (57), citrate (58), and acetyl choline (59) 
has actually been shown to occur without an external energy source when 
synthetic acetyl coenzyme A is the source of the active two-carbon compound. 
Still to be clarified is the detailed mechanism of acetyl coenzyme A forma- 
tion from free acetate or acetyl precursors. The phosphoroclastic split of 
acetoacetate (54) or its coenzyme derivative, as formulated by Barker (47), 
may involve a direct interaction of the B-keto group with coenzyme A. The 
same mechanism is indicated by the data of Stern & Ochoa (60) on citrate 
formation from acetoacetate and from §-keto derivatives of higher fatty 
acids in pigeon liver extracts. 

The enzymatic mechanism concerned with the oxidative decarboxylation 
of pyruvate is being intensively investigated, but so far the picture of the 
sequence of events cannot be considered final (61). The various enzyme sys- 
tems which effect the conversion of pyruvate to C, units [for a review of this 
subject, see (61)] have been reported to require as coenzymes diphosphopyr- 
idine nucleotide, diphosphothiamine, coenzyme A (62), and a new cofactor 
variously called the pyruvate oxidation factor (63), protogen (64), and a- 
lipoic acid (65, 66). 

It is to be expected that the coenzymes which have emerged as mediators 
in acetyl metabolism will also control the over-all conversion of carbohy- 
drate to fat. Some pertinent earlier findings are the sparing effect of fat on 
the requirements for thiamine (67) and the production of fatty livers by thia- 
mine in animals on a carbohydrate rich diet (68). The early literature on 
this subject has been reviewed by Channon (69). A more recent example is 
the observation that yeast cells which are deficient in pantothenic acid syn- 
thesize fat or steroids at a greatly reduced rate (70). Snell et al. (71) have 
shown that the growth of some lactic acid bacteria is stimulated by acetate. 
Acetate in turn can be replaced (72) by the pyruvate oxidation factor of 
O’Kane & Gunsalus (63) or by the protogen of Stokstad et al. (64). These 
findings suggest (73) that in these organisms the cofactors which are con- 
cerned with the oxidation of pyruvate regulate the production of acetate 
and therefore also of lipids. 

Regulation of fat synthesis ——Fasting or restriction of caloric intake not 
only abolishes the deposition of fat but also retards the rate of the metabolic 
regeneration of tissue fatty acids as measured by the uptake of D.O from 
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the body fluids (74, 75). The incorporation of isotopic carbon from labeled 
acetate into tissue fatty acids is likewise substantially lower in the fasted 
than in the well-nourished animal (11). In livers from rats after a 24-hr. fast, 
the capacity to synthesize fatty acids in vitro is markedly diminished. This 
has been found both with C™ glucose (76) and labeled acetate (44) as sub- 
strates. However, the response to fasting appears to depend on the species 
of animals employed since Brady et al. (77) working with cat liver failed to 
find a substantial reduction of fatty acid synthesis even after a 48-hr. fast. 
The close association of carbohydrate metabolism with lipogenesis is im- 
pressively demonstrated by experiments of Masoro et al. (76). The conver- 
sion of C glucose to fatty acids in liver slices prepared from animals that 
had been fasted for 24 hr. was reduced on the average to less than 10 per 
cent of the values observed in livers of well-nourished animals. In the same 
experiments, the conversion of glucose to carbon dioxide was not impaired. 
Hence, neither lack of two-carbon compounds nor a limiting rate of energy 
yielding reactions can account for the greatly depressed rate of lipogenesis 
in the fasted animal. The same authors have investigated the effect of previ- 
ous nutritional regimes on hepatic fat synthesis in vitro. Liver slices from 
animals which had been kept on a diet containing protein, or fat and pro- 
tein, as the only source of calories, showed a defect in lipogenesis as severe 
as that found in fasted animals. On the other hand, a dietary regime con- 
sisting of carbohydrate exclusively failed to reduce the rate of fatty acid syn- 
thesis even though the animals had lost weight. Evidently only an adequate 
provision of dietary carbohydrate can maintain the animal in a nutritional 
state which permits continuation of lipogenesis in vitro at a normal rate. 

As noted earlier, Brady & Gurin (56) have reported the occurrence of 
fatty acid synthesis from labeled acetate in homogenates of pigeon liver, 
while previous attempts to demonstrate lipogenesis in broken cell prepara- 
tions of rat liver had led to entirely negative results (44). In the experiments 
of Brady & Gurin the animals received large doses of glucose prior to sacri- 
fice, and this pretreatment may well be responsible for their success in dem- 
onstrating lipogenesis in a cell free system. 

The rate of fatty acid synthesis in isolated liver, as measured by the in- 
corporation of labeled substrate, can be accelerated to a marked degree by 
the addition of intermediates of carbohydrate metabolism, such as glucose, 
pyruvate, or oxaloacetate (43, 44). The incorporation of deuterium from a 
heavy water medium actually provides a measure of the synthetic rate if it 
is assumed that the fixation of deuterium in the fatty acid molecule is in- 
dependent of the nature of the carbon precursor. In such experiments, two 
to three times as much deuterium is incorporated into the fatty acids in the 
presence of pyruvate than in the presence of acetate. Moreover, unlabeled 
pyruvate can substantially raise the uptake of acetate carbon by the fatty 
acids. On the other hand, carbon labeled pyruvate or lactate are on the whole 
less efficient sources of fatty acid carbon than acetate under comparable 
conditions (17, 44). These facts taken together suggest that the role of pyru- 
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vate and other intermediates of carbohydrate metabolism in the liver slice 
system is not merely that of precursors of two-carbon intermediates. Added 
carbohydrate may be presumed to fill also the energy needs for the over-all 
synthetic process when the endogenous supply of substrate is limited. It 
should be emphasized that all experiments dealing with the in vitro synthesis 
of fat measure an end result which is determined by the rate of several in- 
dependent processes. When acetate is employed as the indicator for lipo- 
genesis, a minimum of four separate reactions may be postulated to occur: 
(a) transformation of acetate into active acetate; (b) condensation of the 
two-carbon units; (c) reduction of 8-keto compounds to saturated acids; 
(d) esterification with glycerol. Changes in the rate of any one of these reac- 
tions will be reflected in the isotope level of the isolated fatty acids. 

Valuable information on lipogenesis in the mammary gland has been ob- 
tained in the laboratories of Folley and of Popjik. The mammary gland, 
like the liver, is capable of synthesizing fat. This can be demonstrated by 
perfusion of the isolated gland with radioactive substrates (78) or by R.Q. 
measurements of surviving mammary tissue (79). Folley & French (80) 
have observed R.Q. values greater than one in mammary gland slices from 
various species and interpret this result to indicate net synthesis of fat. Since 
this gland is a secretory organ, the newly synthesized fat may be looked upon 
as an end product which is not subject to metabolic regeneration. It is rea- 
sonable, therefore, that in this system lipogenesis under i vitro conditions 
should be demonstrable. From these investigations, significant differences 
in substrate utilization by glands from ruminants as compared to those from 
nonruminants have come to light. Lactating mammary gland slices from the 
cow, goat, and sheep respire actively with acetate as the sole substrate, the 
Qo, values showing a sharp rise with advancing lactation. At the same time, 
the R.Q. values rise significantly above unity. The same tissue is nearly inert 
towards glucose and, in the presence of this substrate, R.Q. values of less 
than one were consistently found. In contrast, in lactating gland tissue from 
nonruminants (mouse, rat, guinea pig, rabbit) the endogenous respiration is 
not significantly changed by acetate nor does acetate have an effect on the 
R.Q. value. On the other hand, in these species glucose stimulates both oxy- 
gen uptake and gives rise to R.Q. values above one. Moreover, glucose en- 
hances acetate utilization by mammary slices from rat, rabbit, and sheep, 
and in some cases the combination of these two substrates caused the R.Q. 
values to be higher than did either acetate or glucose alone. This effect may 
be similar in nature to the stimulation of acetate incorporation into liver fat 
which is observed in the presence of carbohydrate intermediates (44). 

The preferential utilization of acetate by the mammary gland of rumi- 
nants is of particular interest in view of the extensive formation of acetic 
acid in ruminant digestion. In the fermentation of carbohydrate by the mi- 
croorganisms of the rumen acetate is a major component (55 to 75 per cent) 
of the volatile acids produced (81), and this is also true for the blood draining 
the rumen (82, 83). In the lactating ruminant, the circulating acetate op- 
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pears to be rapidly removed by the milk gland which in turn uses this sub- 
strate as an energy source (84) and for the synthesis of milk fat. With the 
aid of C™ acetate, Popjak et al. (85) have indeed shown that 50 per cent of 
the retained dose of acetate injected into a lactating goat could be recovered 
in the form of milk fat. The milk gland of the ruminant is therefore geared 
to make efficient use of the large quantities of acetate which are provided by 
the bacterial flora of the rumen. 

Regulation of fat and carbohydrate metabolism by hormones.—lf the trans- 
formation to fat is a major channel in the normal metabolism of carbohy- 
drate, then an inadequate supply or a disturbance in sugar utilization should 
be reflected by impaired lipogenesis. In line with this conclusion is the re- 
duced capacity for fat synthesis of animals which are either fasted or de- 
prived of carbohydrate. Drury (86) has pointed out that, in the diabetic 
dog given insulin after a fast, glycogen accounts for only a fraction of the 
stored carbohydrate, while part must be converted to fat. He therefore sug- 
gested that one of the functions of insulin is to promote the conversion of 
carbohydrate to fat. Teppermann, Brobeck & Long (87) have discussed the 
possibility that insulin affects the conversion rate of carbohydrate to fat by 
facilitating the oxidation of that portion of carbohydrate which furnishes 
the energy for lipogenesis. Experimental verification of this view has been 
presented by Stetten & Boxer (88). Rats made diabetic with alloxan in- 
corporated deuterium from D-,O containing body fluids at a markedly lower 
rate. It was calculated that the utilization of glucose for fatty acid synthesis 
had been reduced to 5 per cent of normal and that the quantity of sugar 
which was not so utilized was of the same order as that recovered in the 
urine. When a diabetic rat was maintained on a diet in which carbohydrate 
was replaced by isocaloric amounts of alanine, glycosuria was diminished, 
but lipogenesis was reduced as severely as in the diabetic animals which re- 
ceived carbohydrate as sole constituent of the diet (89). Inability to metabo- 
lize glucose to smaller fragments can therefore not be the sole cause for this 
defect in fat synthesis. Stetten & Klein (90) have furthermore presented evi- 
dence to show that, in a normal rabbit treated with insulin, the rate of lipo- 
genesis was increased several fold over the rate observed in the untreated 
animal. These authors did not propose a specific effect of insulin on fat syn- 
thesis but rather suggest that the level of hormone influences glucose utiliza- 
tion in all its manifestations of which lipogenesis is one. The finding of Burn 
et al. (90a) that alloxan diabetic rats can be maintained more readily on a 
diet high in fat would seem to suggest that dietary fat reduces the insulin 
requirements for lipogenesis from carbohydrate and hence exerts an hormone 
sparing action. 

An in vitro effect of insulin on lipogenesis was first observed by Bloch & 
Kramer (43). When liver slices are incubated in the presence of labeled ace- 
tate, isotope is taken up by the higher fatty acids and this process is ac- 
celerated by glucose, pyruvate, or oxaloacetate. A further enhancement oc- 
curs on addition of insulin to the incubation medium provided pyruvate is 
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also present. The effect was observed with livers from a laboratory strain of 
rats but was not regularly reproducible with tissue from other rat strains 
(44). That insulin can stimulate the i vitro incorporation of labeled acetate 
into higher fatty acids has been confirmed by the more extensive investiga- 
tions of Brady & Gurin (17, 91). Under the conditions of their experiments, 
the hormonal effect was regularly demonstrable when acetate was the sole 
organic substrate and in some cases also with butyrate, hexanoate, octano- 
ate, or acetaldehyde. On the other hand, the incorporation of labeled pyru- 
vate, which is a poorer source of fatty acid carbon than acetate, was not en- 
hanced by insulin nor was the stimulation of acetate incorporation depend- 
ent on the presence of pyruvate. These results appear to be at variance in 
some details with those of Bloch & Kramer (43). Conceivably the supply of 
endogenous substrate of surviving liver differs from one rat strain to another. 
In isolated rat liver, which is perfused with labeled acetate, addition of in- 
sulin to the perfusate has been found to result in a several fold increase of 
acetate uptake into the higher fatty acids (92). This was true for the constit- 
uent fatty acids of the liver triglycerides and of the phospholipids as well. 
Lactating mammary gland slices from rat and rabbit utilize acetate effec- 
tively only in the presence of glucose. Insulin (free of hyperglycemic fac- 
tor) when added to this in vitro system causes an increased utilization of sub- 
strate and, moreover, elevates the R.Q. to values above two (79, 80, 93). 
These respiration data and more recent confirmatory experiments with C% 
acetate (94) therefore indicate that lipogenesis from acetate in vitro responds 
to insulin in glandular tissue as well as in liver. 

The derangement in lipid metabolism incident to alloxan diabetes which 
had been demonstrated by Stetten et al. (88, 89) with intact animals mani- 
fests itself even more strikingly in the isolated liver (91, 95). Liver slices 
from alloxan diabetic rats, like those from fasted animals, incorporate la- 
beled substrates into fatty acids at a greatly reduced rate. This holds true 
for all labeled compounds which are normally converted to fatty acids, viz., 
acetate, octanoate (91), pyruvate (96), lactate (30), and glucose (95). Livers 
from pancreatectomized cats are equally defective (77). All attempts to re- 
store fat synthesis in such liver slices to normal by addition of glucose, fruc- 
tose, intermediates of the citric acid cycle (91), adenosinetriphosphate, or 
diphosphopyridine nucleotide (97) have been unsuccessful. Moreover, un- 
like the normal liver, the diabetic liver fails to respond to insulin in vitro (91). 
Comparison of CO, production and lipogenesis from various labeled sub- 
strates in normal and diabetic liver slices has been particularly instructive. 
The recoveries of C“O, from labeled acetate, lactate (30), or uniformly la- 
beled fructose (98) were essentially the same in normal and diabetic livers 
while the conversion to fatty acids was reduced to less than 10 per cent of 
normal. From these results it is clear that in the liver of the alloxan diabetic 
animal hepatic oxidation of fructose to COs, of lactate to C, units, and the 
metabolism of C; units by way of the citric acid cycle are not detectably im- 
paired and are therefore not limiting the conversion of carbohydrate to fat. 
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In the same series of experiments, CO, production from C™ glucose by the 
isolated diabetic liver was depressed to less than half of normal (95). This 
finding, in accord with those of Cori (99), places the primary defect of car- 
bohydrate metabolism at the hexokinase level. 

In view of the unaltered oxidative metabolism of fructose, lactate, and 
pyruvate in the diabetic animal, the block in lipogenesis cannot be attributed 
to an inadequate supply of C, units nor is an interference with the mechanism 
which activates acetate a likely cause for the reduced rate of fatty acid syn- 
thesis. The formation of cholesterol from labeled acetate, which must also 
involve a conversion to a reactive Cz unit, proceeds unhampered under the 
same conditions (91). 

In fat synthesis by animal tissues, free fatty acids do not detectably ac- 
cumulate, but are immediately transformed into glycerol esters. One of the 
controlling rates in lipogenesis will therefore be glyceride formation, and this 
in turn will depend on the availability of glycerol. This point has been 
stressed by Folley and his associates (80, 93), who were able to show that 
glycerol exerted a stimulatory effect on fat synthesis in the lactating mam- 
mary gland as indicated by acetate disappearance and elevation of the R.Q. 
The effect of glycerol is therefore qualitatively similar to that given by in- 
sulin. Glycerol can also be shown to increase very markedly the uptake of 
acetate carbon into fatty acids by rat liver slices (45). Whether glycerol can 
remedy the defect in lipogenesis which is observed in the isolated liver of the 
the fasted or diabetic animal has not so far been tested. 

Further studies on the control of lipogenesis by insulin have been carried 
out by Chaikoff and his associates by a combined in vivo and in vitro tech- 
nique (30, 100). Alloxan diabetic rats received large doses of insulin 48, 24, 
and 2 hr. before sacrifice. Liver slices from these animals had not only fully 
regained the capacity of synthesizing fatty acids but converted much larger 
fractions of labeled sustrate into fat than did slices of normal rats. It may be 
recalled that Stetten & Klein (90) observed a marked acceleration of lipo- 
genesis in a normal rabbit that had been treated with insulin. 

The profound influence of pancreatic hormone on fat synthesis does not 
necessarily imply a specific action of insulin on intermediary steps of this 
process. Fat synthesis, as it is observed and studied in animal tissues, com- 
prises numerous steps which cannot at present be experimentally dissociated 
and which require the simultaneous occurrence of an active carbohydrate 
metabolism. That the rate of lipogenesis, like that of carbohydrate metabo- 
lism, is regulated by the balance of hormones which are secreted by the pan- 
creas on the one hand and by the pituitary and the adrenals on the other, is 
indicated by recent experiments of Welt & Wilhelmi (101) and of Brady, 
Lukens & Gurin (77). In adrenalectomized rats, the uptake of deuterium by 
the tissue fatty acids from body fluids containing D,O is significantly above 
normal, while treatment with growth hormone or adrenocorticotrophic hor- 
mone has the opposite effect (101). The complete repression of lipogenesis 
in liver slices of pancreatectomized cats is returned to near normal by re- 
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moval of the hypophysis (77). Hence, fatty acid synthesis can proceed in 
the simultaneous absence of pancreatic and pituitary hormone, a situation 
which reflects the simulated normalcy of carbohydrate metabolism in the 
Houssay animal. The experiments of Balmain & Folley (93) on fat synthesis 
by the mammary gland similarly suggest that insulin acts by opposing pi- 
tuitary hormones. Insulin by itself does not stimulate fat synthesis before 
parturition or after weaning, i.e., in fully developed but nonfunctional mam- 
mary gland tissue. These authors conclude 


that the effect of insulin depends on the existence of an active secretory condition 
presumably related to the action of anterior pituitary hormones (93). 


There is some evidence which makes it doubtful that the role of insulin 
in lipogenesis can be accounted for entirely by its known effects on carbo- 
hydrate metabolism. Fat synthesis by liver responds to insulin in vitro but, 
apart from a brief report by Sutherland & Cori (102) which indicates an ac- 
celeration of glycogen synthesis from glucose-1-phosphate in liver slices, 
the literature makes no mention of an effect by insulin per se on hepatic car- 
bohydrate metabolism in vitro. The possibility that the hyperglycemic factor 
which accompanies most insulin preparations (103) is responsible for some 
of the in vitro effects has been ruled out in the experiments of Balmain & 
Folley, who used hyperglycemic-free insulin (93). In the experiments of 
Gurin et al. an electrophoretically homogeneous insulin preparation was em- 
ployed (17), and hence the effects observed should be due to insulin itself. 
The fact that, in the liver of the alloxan diabetic rat, lipogenesis is dras- 
tically impaired, although the oxidation of fructose, lactate, pyruvate, and 
acetate to CO, proceeds at a normal rate, had led Chaikoff and his associates 
to suggest that one of the actions of insulin might be concerned with the 
conversion of C, units to the higher fatty acids (98). However, a more recent 
report from the same laboratory (104) makes it quite clear that no specific 
role for insulin in lipogenesis need be postulated. Livers from alloxan dia- 
betic rats that had been kept on a diet containing fructose synthesized fatty 
acids at roughly the same rate as the normal controls or livers from glucose- 
fed animals which had been pretreated with insulin. The fructose-containing 
diet therefore simulated the insulin effect as far as lipogenesis is concerned, 
although other manifestations of the diabetic state, such as hyperglycemia 
and impaired glucose oxidation in vitro, had remained. These findings em- 
phasize the dependence of fat synthesis on an active metabolism of carbo- 
hydrate. The inability of the diabetic liver to synthesize fatty acids in vitro 
even when fructose is added and oxidized at a normal rate remains unex- 
plained, however. It is conceivable that extrahepatic factors are involved. 

Alternate metabolic pathways of two-carbon units—Two-carbon units, 
whether formed by oxidation of fatty acids or of carbohydrate, are intercon- 
vertible and should therefore enter identical metabolic pathways. This is 
not to say, however, that the oxidation of fat and that of carbohydrate leads 
in all cases to the same products. A ‘divergence of carbohydrate and fat 
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metabolism becomes evident only in certain limiting conditions, in the fast- 
ing or diabetic animal or in isolated tissues. The ketogenic properties of fatty 
acids as contrasted with the glycogenic or antiketogenic effects of carbohy- 
drate are a case in point. 

If acetyl coenzyme A is an obligatory intermediate in the oxidation of 
both carbohydrate and fat, then the further metabolism of C, units from the 
two sources in the direction of either acetoacetate formation or complete 
oxidation will depend on the availability of oxaloacetate or other dicarboxyl- 
ic acids. Lehninger (105) has shown that in the oxidation of short-chain 
fatty acids by washed mitochondria the principal product can be either 
acetoacetate or citrate, depending on the concentration of added dicarboxyl- 
ic acid. Of particular interest is the quantitative conversion of pyruvate to 
acetoacetate in washed liver mitochondria (105). It is conceivable that such 
liver preparations, in contrast to liver slices, have lost the property of fixing 
CO, (Wood-Werkman reaction) and hence pyruvate can no longer serve as 
its own source of oxaloacetate for citrate formation. Pyruvate would then 
become ketogenic when its metabolic route is restricted to oxidative decar- 
boxylation and when $-carboxylation, which is presumably the major normal 
source of dicarboxylic acids, becomes limiting. 

Gurin, Delluva & Wilson (6) have found that, in the phlorizinized animal, 
labeled lactate causes the excretion of labeled acetoacetic acid without rais- 
ing the output of urinary ketone bodies. This presumably reflects a conver- 
sion of pyruvate to C; units which enter the metabolic acetyl pool but do not 
form extra ketone bodies because some of the pyruvate is also carboxylated 
and hence facilitates the complete oxidation of the substrate by way of the 
citric acid cycle. 

Pyruvate metabolism can be directed towards increased acetoacetate 
formation by malonate (105) or by ammonium chloride (106, 107). As shown 
by Recknagel & Potter (108), the conversion of pyruvate to acetoacetate 
in liver homogénates is quantitative if ammonium chloride is added. Accord- 
ing to these authors, the formation of glutamate from ammonia and members 
of the citric acid cycle, demonstrated by Krebs et al. (109), interrupts the 
cycle at the ketoglutarate stage, and hence the ketogenic effect of ammonium 
chloride can be accounted for by the diversion of dicarboxylic acids into 
amino acid synthesis. 

The manner in which pyruvate metabolism can be shifted from one path- 
way to another is illustrated by the experiments of Korkes e¢ al. (62) with 
enzymes from Escherichia coli. The oxidation of pyruvate is dependent on 
coenzyme A and when this factor is present in catalytic amounts, the extent 
and the direction of pyruvate metabolism are determined by the nature of 
the acetyl acceptors which are added. In the presence of inorganic phosphate 
and transacetylase, acetyl phosphate is formed while with condensing enzyme 
and oxaloacetate citrate is the product. Both reactions regenerate CoA. By 
analogy with the experiments of Stern & Ochoa (60), it may be presumed that 
acetyl CoA, when formed from pyruvate, can, by addition of the appropriate 
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enzymes and acetyl acceptors, be shifted towards acetylation reactions 
(sulfanilamide, choline) or acetoacetate formation. These investigations also 
serve to explain why in animal tissues the oxidation of pyruvate does not 
ordinarily lead to the formation of free acetate. If acetyl CoA is an inter- 
mediary product and, if CoA is present in catalytic amounts, pyruvate 
metabolism will be controlled by those reactions which facilitate the regen- 
eration of CoA. Animal tissues apparently do not hydrolyze acetyl CoA di- 
rectly, nor do they contain transacetylase (50) which would yield free acetate 
by way of acetyl phosphate. 

While it has been well established that liver contains the enzyme systems 
for the total oxidation of fatty acid carbon to CO, (110, 111, 112), it should 
be noted that ia this tissue acetoacetate is invariably found among the reac- 
tion products. Its accumulation is only partly suppressed by the addition of 
dicarboxylic acids (113, 114). It is possible, therefore, that this residual 
acetoacetate is not formed by recondensation of C: units but is a primary 
product of fatty acid oxidation. Since liver tissue can split and oxidize aceto- 
acetate only slowly (111, 115), ketone bodies might be expected to accumu- 
late even if conditions for citrate formation or total oxidation are favorable. 
The possibility that acetoacetate can be formed directly as well as by recon- 
densation of C; units will be discussed below in greater detail. 

Fatty acids of varying chain length are oxidized to CO, by hepatec- 
tomized and eviscerated animals (116, 117) and also by slices (118) or 
homogenates (118a) of a variety of extrahepatic tissues such as heart muscle 
of rat or pigeon, pigeon breast muscle, and kidney (112). In kidney slices the 
proportion of fatty acid carbon (Cs, Cs, Cie) which is converted to aceto- 
acetate is only one-tenth as great as in liver, while the oxidation to CO: is 
correspondingly greater (119). In the cyclophorase system of Grafflin & 
Green (112) the oxidation of short-chain fatty acids (C, to Cz) goes to com- 
pletion. Buchanan et al. (120, 121) have found that kidney homogenates, 
in contrast to those of liver, can metabolize acetoacetate to C; units which 
enter into citrate synthesis. Weinhouse & Millington (115) estimate from 
their data that the rate of acetoacetate oxidation in kidney is 10 times faster 
than in liver. In heart muscle suspension, acetoacetate does not accumulate 
during octanoic acid oxidation and the disappearing fatty acid can be ac- 
counted for either as CO: or in the form of cycle intermediates (118a). Since 
added acetoacetate causes an increased oxygen uptake in heart muscle and 
extra formation of ketoglutarate and succinate (118a, 122), this tissue must 
also be capable of splitting acetoacetate into C; units. It is not immediately 
apparent why ketone bodies should accumulate more readily in liver than 
in extrahepatic tissues. If the supply of dicarboxylic acid were the major 
factor in directing fatty acid oxidation from ketone body formation towards 
total oxidation, then hepatic ketogenesis might be attributed to a limited 
capacity of the liver to provide these intermediates. It may be assumed that 
8-carboxylation of pyruvate is the principal mechanism of dicarboxylic acid 
formation. According to Crane & Ball (123), the relative rates of CO, fixation 
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in slices of various organs are: pigeon liver 10, pigeon heart 0.25, pigeon 
breast muscle 0.08, rat liver 1.0, kidney cortex 1.2, heart 0.12. Homogeniza- 
tion of some of these tissues leads to a marked decline of CO; fixation, and 
for this reason these data are not directly applicable to the various broken 
cell preparations in which fat oxidation has been studied. Nevertheless. it 
seems safe to say that dicarboxylic acid synthesis by CO: fixation should be 
less limiting in liver than in extrahepatic tissues, and hence additional fac- 
tors.must be responsible for hepatic ketogenesis. As pointed out already, 
pyruvate is quantitatively converted to acetoacetate in liver homogenates 
but not in the intact liver cell, nor is pyruvate ketogenic in slices or homo- 
genates of kidney (115). In the case of pyruvate also hepatic ketogenesis 
cannot be adequately explained by assuming a limiting supply of dicarboxyl- 
ic acids. To account for the accumulation of ketone bodies from either pyru- 
vate or fatty acids in liver, Green (124) has suggested that the enzyme which 
catalyzes the synthesis of acetoacetate from two active C2 units occurs pri- 
marily in liver. This may apply to some tissues, such as heart muscle, but 
not to kidney, since Medes, Floyd & Weinhouse (125) have demonstrated 
acetoacetate synthesis from acetate in this organ. 

It is admitted that the anomalies in fatty acid and pyruvate oxidation 
which have been stressed here may be apparent and may reflect variations 
in the reaction rates of alternative metabolic pathways rather than differ- 
ences in mechanisms of oxidation. It is to be expected that much of the infor- 
mation on this subject, which at present is available only from studies with 
tissue preparations, will be clarified by the investigation of these reactions 
in cell free extracts. In particular, the relative concentrations in liver and 
extrahepatic tissues of the condensing enzyme (citrate synthesis) and of the 
enzymes which split and synthesize acetoacetate may explain the tendency 
of the liver to accumulate ketone bodies. 

Ketone body formation.—Following the classical experiments of Wein- 
house, Medes .& Floyd (110) on octanoate oxidation which demonstrated 
acetoacetate synthesis by recondensation of C2 units, numerous studies on 
the detailed mechanism of ketone body formation using isotopic tracers 
have appeared. In the experiments of Crandall, Brady & Gurin (126, 127, 
128) the major point of interest was the relative reactivity of the C2 frag- 
ments derived from pyruvate, acetate, and various portions of fatty acid 
chains. The distribution of isotopic carbon between the acetyl (C-3 and C-4) 
and the acetate (C-1 and C-2) moiety of acetoacetate served as a criterion 
to indicate whether the C, units formed were of the acetyl donor or acetyl 
acceptor type. CO:COOH refers to the ratio of isotope concentration in the 
acetyl portion to that in the acetate moiety of acetoacetate. A ratio greater 
than one signifies that the labeled carbon atoms of the precursor preferen- 
tially yield the acetyl portion, and a ratio smaller than one indicates prefer- 
ential formation of the acetate fraction of acetoacetate. In washed liver 
homogenates 1-C™ and 3-C™ octanoate yielded CO:COOH ratios of about 
0.7 and 0.5, respectively (127), while 7-C™ octanoate formed acetoacetate 
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with a ratio of 3.3 (128). When normal pyruvate was oxidized simultaneously 
with 1-C™ or 3-C* octanoate, the isotopic carbon in acetoacetate tended to 
become equalized between the two moieties. This was attributed to the 
diluting effect of C, units from pyruvate on the acetate portion of acetoace- 
tate, and it was concluded that the C, units from pyruvate and those formed 
from the first two C, fragments of octanoate are of the acetyl acceptor type. 
Free acetate is relatively inert in washed liver homogenates (129). It can be 
activated by cooxidation of normal pyruvate and in this case acetoacetate 
with a CO:COOH ratio of 1 is formed from 1-C™ acetate (127). A similar 
activation of acetate is observed by cooxidation of normal octanoate but 
in this case the acetoacetate formed has a CO:COOH ratio of only 0.5. This 
result, according to Crandall & Gurin (127), indicates the production from 
octanoate of C. units which represent the acetylating type and hence in this 
case lower the CO: COOH ratio. However, this explanation is hot convincing 
since, according to the same authors, three of the four C, units of octanoate 
are preferentially acetyl acceptors and, therefore, the over-all result should be 
a CO:COOH ratio of one or greater. 

The finding that 7-C™ octanoate produces acetoacetate with a CO: COOH 
ratio of 3 or greater (128) shows that the terminal C, unit of this fatty acid 
differs from the remaining fragments of the chain by providing mainly the 
acetyl portion of acetoacetate. This finding is the principal evidence for the 
hypothesis that as far as ketone body formation is concerned, two types of 
C; units exist, those with a greater tendency to serve as acetyl acceptors 
and which are supplied by all but the terminal fragments of the fatty acid, 
by pyruvate and by acetate, and those which are primarily acetylating agents 
and which are formed from the terminal methyl and adjoining carbon atom 
of the fatty acid chain. 

The findings of Geyer et al. (130) on ketone body formation from car- 
boxyl-labeled fatty acids varying in chain length from Cs; to Cy2 substantiate 
on the whole the findings of Crandall & Gurin. The work of the former 
authors has brought out the point that the CO: COOH ratio in acetoacetate 
varies widely and depends among other things on the chain length of the 
fatty acid, on the tissue in which the reaction is studied and on the relative 
yields of CO. and acetoacetate from a given substrate. For example, the 
CO:COOH ratio from carboxyl-labeled octanoate, in agreement with the 
value found by Crandall & Gurin, was 0.75, but in kidney the ratio obtained 
from the same substrate was 0.21. In the latter organ, a much smaller frac- 
tion of octanoate is converted to ketone bodies than in liver. In the oxidation 
of carboxyl-labeled butyrate in liver slices the CO:COOH ratios have been 
found to be about 0.4 (15, 131). The values gradually increase as the chain 
is lengthened and reach unity for lauric acid (130). Chaikoff et al. have found 
this ratio to be one also for carboxyl-labeled palmitate (132). The ratios 
found by various investigators for carboxyl-labeled fatty acids, therefore, 
are all one or less. 

In their studies on ketone body formation, Chaikoff et al. (132) have in- 
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troduced an interesting variant of earlier techniques. Labeled fatty acids 
were injected into rats shortly before the animals were sacrificed. The liver 
slices prepared subsequently contained labeled fatty acid im situ and by this 
procedure the effect of endogenous nonlabeled precursors on the isotope dis- 
tribution in the ketone bodies is presumably minimized. 1-C™, 5-C™, and 
11-C™ palmitic acids served as test substances. The CO:COOH ratios in 
acetoacetate were 1.0, 1.23, 1.29, respectively. The values therefore rise 
with increasing distance of the labeled carbon from the carboxyl group. 
These results are difficult to fit into any of the earlier schemes on ketone body 
formation from short-chain fatty acids. Chaikoff e¢ al. point out that their 
data, in agreement with those of others, indicate random condensation of 
Cz units to be the major process for ketone body formation. They suggest. 
however, that in addition nonrandomized condensation takes place between 
a B-keto fatty acid and C, particles which have previously mixed with the 
acetyl pool. This condensation is concurrent with the splitting of the B-keto 
acid between the a- and B-carbon atoms. This view recognizes the importance 
of a time sequence in the release of C2 units from a fatty acid chain in con- 
trast to those concepts which visualize the simultaneous rupture of the fatty 
acid at alternate carbon atoms. The degree of asymmetry of acetoacetate 
will depend on the rate of self-condensation of the free C, units relative to 
the rate of their interaction with Cz units which are still part of the fatty 
acid chain. This hypothesis accounts for many, but not all, isotopic ratios 
which have so far been observed by different investigators. It is attractive 
because it obviates the need for postulating the existence of more than one 
free Cz unit. In this respect, the hypothesis is also in harmony with the en- 
zymatic mechanism for acetoacetate synthesis from two molecules of acetyl 
CoA demonstrated by Stadtman, Doudoroff & Lipmann (53). All existing 
data conform with the requirements of the theory of Chaikoff that for car- 
boxyl-labeled fatty acids the CO:COOH ratios in acetoacetate be one or 
less. The proposed scheme is in conflict with the results obtained by Crandall 
& Gurin (127) and Geyer et al. (130) with 3-C octanoate, but can explain 
the data of Crandall et al. (128) on ketone body formation from 7-C™ octano- 
ate. In extending the views of Chaikoff et al. (132) it may be presumed that 
after a fatty acid has been shortened until only four carbon atoms remain, 
B-oxidation will yield a compound of the oxidation level of acetoacetate 
which need not be free but could remain attached to a coenzyme. If the fatty 
acid is labeled at the terminal CH: position (w-1) isotopic carbon will initially 
be present only at the carbonyl carbon of acetoacetate. However, part of 
this keto acid or its coenzyme complex may split to two equal C, units 
(acetyl CoA) which randomize and reform acetoacetate. Isotopic carbon 
will now be present at the carboxyl carbon as well. It may be recalled that 
according to Knoop’s original formulation of B-oxidation the fatty acid chain 
is successively shortened until only four carbon atoms remain, that this 
remnant is the source of acetoacetate and hence that a fatty acid molecule 
yields one mole of acetoacetate irrespective of chain length. In apparent con- 
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trast to this formulation is the finding that carboxyl-labe!ed butyrate on oxi- 
dation in liver yields acetoacetate in which the isotopic carbon is partially 
randomized (131), while labeled acetoacetate when added to liver slices or 
homogenates fails to undergo isotopic redistribution (121). Hence it appeared 
that acetoacetate was not a primary product of butyrate oxidation but that 
at least part of the keto acid was formed by condensation of C; fragments. 
The recent work of Kennedy & Barker (49) on butyrate oxidation in C. 
Kluyveri strongly supports the view that acetoacetate can be a direct prod- 
uct of butyrate oxidation, and many of the apparent contradictions dis- 
appear if, as these authors suggest, an acetoacetyl-coenzyme derivative is 
formed which can either be hydrolyzed to free acetoacetate or can be split 
reversibly to acetyl CoA. 

The finding by Kennedy & Lehninger (114) that in liver mitochondria 
the absolute yield of ketone bodies from even-numbered fatty acids declines 
and the yield of CO, rises with increasing length of the fatty acid chain is 
likewise compatible with this view. C: units of different reactivity need not 
be invoked to explain these data if it is postulated that a minimum of one 
mole of acetoacetate is formed per mole of fatty acid oxidized, regardless 
of chain length, and that under these conditions the terminal four carbon 
atoms of the fatty acid are the only source of acetoacetate. 

Ketone body formation from odd-numbered fatty acids—Fatty acids con- 
taining an odd number of carbon atoms are converted to ketone bodies to a 
much smaller extent than the even-numbered acids of similar size. Moreover, 
the yield of acetoacetate is as low for the short-chain as for the long-chain 
odd-numbered fatty acids (114). The CO:COOH ratios obtained from car- 
boxyl-labeled odd-numbered fatty acids are very similar to those found with 
fatty acids having one carbon atom less (130). If the oxidation of a carboxyl- 
labeled odd-numbered fatty acid occurred by successive removal of C. units 
until only three carbon atoms remain [propionic acid (133)], then the yield 
of ketone bodies and the numerical values for the CO:COOH ratio will de- 
pend on the fate of the propionic acid residue. If the C; remnant were con- 
verted to C. units by way of pyruvate, such C, fragments should be of the 
acetyl acceptor type (127) and should tend to give CO:COOH ratios near 
unity, much as normal pyruvate equalizes the C“ concentration in the two 
moieties of acetoacetate formed from 1-C™ octanoate. This, however, is not 
the case; the ratios for all carboxyl-labeled odd-numbered fatty acids which 
have been tested (Cs to Cg) are below unity (130). Possible pathways for 
propionate metabolism have been discussed above and it has been pointed 
out that the direct oxidation of propionate to pyruvate appears unlikely. It 
may be suggested that the small amounts of ketone bodies which are formed 
from odd-numbered fatty acids arise exclusively by condensation of C2 frag- 
ments. 

Conversion of fat to carbohydrate—The view that fat can be converted to 
carbohydrate by animal tissues has never had direct experimental support, 
but as Deuel & Morehouse (1) point out 
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has been related to the view of the investigator of the cause of diabetes. Proponents 
of the over-production theory hold that hyperglycemia and glycosuria result from 
increased production of sugar from fat while advocates of the non-oxidation theory 
ascribe sugar accumulation to impaired carbohydrate utilization. 


The studies with labeled acetate, butyrate, and octanoate carried out 
in recent years, principally in the laboratories of Hastings (134) and of 
Wood (135) have shown that fatty acid carbon is incorporated into glycogen 
and does indeed appear at all six positions of the glucose molecule. At the 
same time, the mechanism which accounts for this transfer, i.e., condensation 
of active acetate with oxaloacetate to form citrate, does not provide for a net 
synthesis of sugar because for each mole of a C2 unit that enters the citric 
acid cycle, two moles of CO. are produced, and hence a conversion of fat to 
carbohydrate in the traditional sense does not occur. The isotopic data of 
Lifson et al. (135) provide a rational basis for the fact that all attempts to 
demonstrate this conversion by balance experiments have failed. 

Recent studies on the metabolism of acetone have reopened the question 
of the conversion of fat to carbohydrate and indications now exist that this 
transformation may occur to a limited extent in animal tissues. As shown by 
Polonovski & Valdignié (136), Borek & Rittenberg (137), and Price & Rit- 
tenberg (138), acetone is converted by rat tissue into a variety of products, 
viz., acetyl groups, cholesterol, and fatty acids. Zabin & Bloch (139) have 
presented evidence that, in the intact rat, acetone carbon enters into prod- 
ucts of acetate metabolism as efficiently as acetate itself. Sakami (140, 141) 
has investigated in detail the fate of labeled acetone. The distribution of 
labeled carbon in the various positions of glucose or serine obtained with 
methyl labeled acetone as precursor were compatible with a Cs, C, split of 
acetone to ‘‘acetate’’ and ‘‘formate.’’ On the other hand, the type of labeling 
found in glycogen after the feeding of carbonyl-labeled acetone was in some 
respects, similar to that caused by a-labeled lactate, and hence suggested 
direct oxidation of acetone to a three-carbon acid as an additional route. 
Carboxylation of acetone to acetoacetate occurs to a limited extent in liver 
(142) but does not account for the results obtained. ‘ 

If, as the data of Sakami & Lafaye (141) suggest, acetone can be directly 
oxidized to pyruvate, this reaction would provide for the synthesis of carbo- 
hydrate from a compound which is considered to be a product of fat me- 
tabolism. The significance of acetone as a metabolite and its origin in animal 
tissues is difficult to assess at present. Acetoacetate derived from fatty acid 
oxidation can be ruled out as a major source from the data of Sakami (140), 
since acetoacetate labeled either in the 1- and 3-, or the 2- and 4-positions, 
like labeled acetate, fails to reproduce the distribution pattern in glycogen or 
serine which is given by acetone. The branched chain compounds leucine, 
and its metabolism product isovaleric acid, are possible sources of acetone. 
Evidence has been presented that the isopropyl groups of these compounds 
are converted to a three-carbon intermediate (139, 143). However, this 
postulated C; intermediate appears to be rapidly carboxylated (144) and 
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hence would be expected to follow the metabolic routes of acetoacetate 
rather than of acetone. The transformations of acetone have been studied 
with liver glycogen and serine from liver protein as metabolic indicators. 
Wood (145) has pointed out that in view of the inertia of liver towards aceto- 
acetate, and because of the ready utilization of acetoacetate by extrahepatic 
tissues, organs other than liver are more likely to answer the question as to 
whether acetoacetate and hence fatty acids can become important sources 
of acetone. 

The existence of pathways for the net conversion of fatty acids or their 
split products to carbohydrate is of particular importance in the metabolism 
of various heterotrophic organisms which grow, or can be adapted to grow, 
on acetate or ethanol as the sole source of carbon. Such organisms must be 
able to synthesize all cell constituents, including sugar, from C2 units. Rep- 
resentatives of this group include: Clostridium Kiuyveri (146), Azotobacter 
agilis (147), Pseudomonas aeruginosa (148), and Fusaria (149) [See also (150)]. 

In the study of acetate metabolism by microorganisms, the principal 
point of interest has been the existence of pathways of oxidation other than 
the citric acid cycle. The oxidation of labeled acetate by bacterial suspen- 
sions in the presence of nonlabeled cycle intermediates and the failure of 
these intermediates to equilibrate isotopically with acetate carbon have 
been cited as evidence against the operation of the conventional cycle (151, 
152, 153). However, as pointed out by Saz & Krampitz (154), and also by 
Campbell & Stokes (148), experiments with whole cells are limited by per- 
meability factors and therefore the nonattainment of isotopic equilibrium 
does not present adequate proof for the presence or absence of a given meta- 
bolic path. For example, although Karlsson & Barker (151) failed to find evi- 
dence for the citric acid cycle in Azotobacter agilis, Stern & Ochoa (155) could 
demonstrate that the condensing enzyme (citrate from acetate and oxaloace- 
tate) is present in this same organism. However, these bacteria may lack 
other enzymes which are necessary for the complete operation of the citric 
acid cycle. 

Many attempts have been made to secure experimental proof for the 
Thunberg reaction (156), i.e., the oxidative condensation of two moles of 
acetate to succinate. The most convincing evidence so far is that presented 
by Foster, Carson, and their associates (157, 158). In their studies on dicar- 
boxylic acid formation by Rhizophus nigricans, the methine carbons of 
fumarate formed from 2-C™ ethanol were found to contain isotope of the 
same specific activity as the substrate. This result is in accord with a direct 
condensation of two moles of Cz units to a four-carbon dicarboxylic acid and 
rules out the formation of a tricarboxylic acid as an intermediate. 

A novel reaction of acetate has recently been uncovered by Weinhouse 
(159). When mats of Aspergillus niger were allowed to metabolize labeled 
acetate, evidence for the formation of labeled glycolic acid was obtained. 
Glycolic acid in turn has been shown by Tolbert, Clagett & Burris (160) to 
be oxidized by plant enzymes to carbon dioxide and formate by way of 
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glyoxylic acid. Nord & Vitucci (161) had earlier suggested that the oxalate 
formed by various wood-destroying fungi was derived from acetic acid by way 
of glycolic and glyoxylic acids. Enzyme systems therefore seem to exist 
which can oxidize acetic acid independently of the citric acid cycle. More- 
over, as suggested by Utter & Wood (162), the products so formed from ace- 
tate or ethanol could conceivably interact to form a three-carbon interme- 
diate of carbohydrate metabolism. 


C*H,COOH — C*H:0H COOH 1. 
C*H:OHCOOH — C*HO-COOH x 
C*HO-COOH — C*H:0 + CO; 3. 
C*H;:0 + C*H:,OHCOOH — C*H:OH -C*HOH COOH 4. 
CO; + C*—C*—COOH — HOOC -C*—C*-COOH S. 


Reaction 4 would be analogous to the formation of serine from formalde- 
hyde and glycine (163, 164). The addition of CO: to the B-carbon of this 
three-carbon intermediate would yield a labeled dicarboxylic acid with the 
same distribution pattern as that found by Foster et al. (157) in the conver- 
sion of ethanol to fumarate by rhizopus. The occurrence of the Thunberg re- 
action therefore remains unsettled. 

A second series of reactions which could conceivably yield carbohydrate 
intermediates from acetate carbon alone can be postulated on the basis of 
some of the transformations of acetone in animal tissues (140, 141). There 
is evidence that a compound having the oxidation level of acetoacetate is an 
intermediate in butyrate formation from acetate or ethanol by C. Kluyveri 
(49) and by C. butylicum (165). The latter organism is known to decarboxy- 
late acetoacetate readily to acetone (166, 167). Should bacterial enzymes 
exist which, like animal tissues, can metabolize acetone further, then ‘‘ace- 
tate,’’ ‘‘formate,” and ‘‘pyruvate’”’ would be the expected products. A pos- 
sible mechanism for “‘pyruvate’’ formation, in addition to direct oxidation, 
would be the reversal of the phosphoroclastic split (168, 169). 


2C*H;COOH — C*H;COC*H:COOH 6. 
C*H;COC*H:COOH — C*H;COC*H; + COz Zz. 
C*H;COC*H; — C*H;COX + (Ci*) 8. 
C*H;COX + (C,*) — C*H;CO C*OOH 9. 
CO: + CH;*CO C*OOH — HOOC*—C*—C*—C*OOH 10. 


The isotope distribution in pyruvate or dicarboxylic acid formed from acetate 
by way of acetoacetate and acetone would be different in that expected from 
reactions 1 to 5. Reactions 6 to 10 would yield uniformly labeled dicarboxylic 
acid while the dicarboxylic acid arising from reactions 1 at 5 would be labeled 
in the two center carbon atoms only. It will also be seen that reactions 6 to 8 
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provide at least formally for a cyclic oxidation of acetate involving no inter- 
action with other carbon substrates. 
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METABOLISM OF AMINO ACIDS AND PROTEINS! 


By H. TARVER 
Division of Biochemistry, University of California, Berkeley, California 


AMINO ACID METABOLISM 
GENERAL PART 


Absorption.—Gibson & Wiseman (1) have compared the absorption rates 
of the D- and L-isomers of 13 amino acids from the intestinal loops of rats. 
In all cases they found that the absorption of the L-isomer was more rapid 
than that of the D, with ratios of 1.6 to 6.0, presumably indicating the exist- 
ence of some active mechanism. 

Distribution.—Solomon et al. (2) have determined by microbiological 
assay the content in six tissues of nine essential amino acids, free amino 
acids, total nonprotein amino acids and total amino acids, including those 
present in protein. They failed to find any correlation between the pattern 
of free amino acids and total amino acids in any one tissue. In the hepatec- 
tomized dog maintained on glucose there is an increase in all the free amino 
acids of the plasma and muscle, such that the proportions, as judged from 
chromatograms, remain sensibly the same [Flock, Mann & Bollman (3)]. Other 
types of changes in the amino acid levels of the brain, probably referable to 
changes in catabolic processes, have been described by Cravioto, Massieu & 
Izquierdo (4). In this tissue it is known that the metabolism of glutamic acid 
assumes great importance [Waelsch (5)], so that is it not too surprising that 
the former workers (4) found that, in dogs with insulin shock, there was a 
relative increase in the free aspartic acid accompanying decreases in y-amino- 
butyric acid, glutamic acid, and its amide. Data of these types throw con- 
siderable doubt on the validity of the interpretations of Lotspeich (6), with 
respect to rates of protein synthesis in muscle, made on the basis of changes 
in the pattern of the free amino acid levels under different conditions of hor- 
monal imbalance. The importance of the liver with respect to the metabo- 
lism of amino acids is well illustrated by the data of Harper and co-workers 
(7), who compared the tolerance curves of normal subjects and of patients 
with portalcaval anastomoses following injection of either a casein hydroly- 
sate or methionine. Tolerance was reduced significantly where signs of liver 
dysfunction were simultaneously evident. It has also been found that, at the 
time of delivery, the free amino acid in the fetal plasma is higher than that 
in the maternal [Crumpler, Dent & Lindan (8)]. 

Excretion.~—The effect, in the dog, of the infusion of one amino acid into 
the circulation on the renal excretion of others has been examined by Kamin 


1 The survey of the literature pertaining to this review was concluded in Decem- 
ber, 1951). 
? See also Cystine, p. 313. 
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& Handler (9). Nearly always there was a large excretion of heterologous 
amino acid, with the greatest influence being found between amino acids 
with similar acidic properties. However, more than one factor was concerned, 
as illustrated by the effects of glutamine and asparagine, so that the opera- 
tion of a single absorptive mechanism is not indicated by the data. With the 
amides it appears that amino acid syntheses, through transaminase activity 
in the kidney, may be involved. It was found especially easy to induce an 
extra excretion of threonine and histidine. There are many other data in the 
literature which indicate that the rate of amino acid excretion is governed by 
interrelated effects which are at present not clearly defined. 

Two groups of workers (10, 11) have identified a second 8-amino acid, 
namely aminoisobutyric acid, in human urine. The significance of this ob- 
servation is not too clear although Fink and co-workers (10) suggest, on the 
basis of some correlation between the appearance of this acid in urine and 
heightened nucleic acid breakdown, that it may be a product of 5-methyl 
pyrimidine metabolism. 

Deamination.—The deamination [see Krebs (12)] of a series of 22 foreign 
amino acids by the p-amino acid oxidase of the kidney and the L-amino acid 
oxidase of snake venom has been examined by Frieden, Hsu & Dittmer (13). 
Of those tested, all amino acids except those with tertiary a-carbons were at- 
tacked by both oxidases, the p-oxidase being generally less effective than the L. 

Decarboxylation.—Some B-cyclic analogues of tyrosine were found to be 
slowly decarboxylated by tyrosine decarboxylase, e.g., phenylalanine (13). 
The decarboxylation of similar aromatic amino acids, including 2,5-dihydro- 
xyphenylalanine, had been observed previously by Blaschko (14). Consider- 
able work has been done on the decarboxylation of glutamic acid, with the 
formation of y-amino butyric acid which occurs in the brain [Roberts & 
Frankel (15)]. The specific coenzyme is pyridoxal phosphate. This appar- 
ently simple decarboxylation should be compared with the more complex 
reaction system as it exists in C. Welchii [Meister, Sober & Tice (16)]. 

D-Amino acids——A great deal of work concerning the metabolism of 
various D-amino acids, such as D-alanine and p-glutamic acid, particularly in 
microorganisms, has appeared in recent years. Mention will be made of a 
few specific data such as those of Boulanger & Osteux (17) and of Stevens, 
Halpern & Gigger (18). Although the first workers could find no significant 
amounts of D-glutamic acid in tumor tissue, they, like Stevens and co- 
workers, did find p-amino acids in bacteria, glutamic acid in B. anthracis 
and S. faecalis (17) and what appeared to be aspartic acid and alanine in B. 
brevis and L. arabinosus (18). In Brucella abortus, D-alanine favors the growth 
of rough type cultures [Goodlow, Braun & Mika (19)]. Other research along 
these lines has culminated in the discovery by Wood & Gunsalus (20) of 
an enzyme system in S. faecalis, and apparently in other organisms, which 
catalyzes the interconversion of the two optically isomeric forms of alanine. 
Again the system shows a specific requirement for pyridoxal phosphate, the 
amine being useless as a substitute. There is no evidence for the formation of 
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free pyruvate in the system. From most points of view this is a rather ex- 
ceptional reaction, particularly since transaminases appear to be inherently 
L-specific. With respect to mechanism it is tempting to speculate that car- 
boxyl activation is involved, since pyridoxal phosphate is the coenzyme for 
decarboxylation and decarboxylation, if it were reversible, would involve an 
asymmetrical intermediate. In relation to mammalian metabolism, it should 
be pointed out that the nonformation of D-amino acids has been confirmed, in 
the case of valine [Fones, Sober & White (21)]. However, other data of 
Armstrong, Feldott & Lardy (22) give cause for further investigations along 
these lines. These workers demonstrated that in pyridoxine deficiency the 
liver and kidney of rats fed ad libitum had subnormal liver concentrations of 
D-amino acid oxidase, and, perhaps more important, the deficient animals 
on a low protein diet utilized the nitrogen of a mixture of four D-amino acids 
less well than they utilized that from an equivalent amount of the L-forms 
or even of ammonia. More specifically, the D-amino mixture appeared to de- 
crease the utilization of the animals’ low supply of L-amino acid. These data 
should be compared with other dietary data, particularly those of Terroine 
(23). 

Transamination.—The general scope of the transamination reaction [see 
Cohen (24)], which has already received direct and indirect support from 
work of the Columbia group (using N*) and others (25 to 28), has now been 
demonstrated rather conclusively. With the dried cells from several species 
of bacteria Feldman & Gunsalus (29) have shown the synthesis of glutamate 
from a-ketoglutarate using the nine amino acids aspartate, alanine, valine, 
leucine, norleucine, trytophan, tyrosine, phenylalanine, and methionine, as 
nitrogen donors. Isoleucine, histidine, lysine, glycine, and threonine were 
less active or inactive. The reactions with tyrosine and phenylalanine were 
shown to be reversible and to require pyridoxal phosphate as coenzyme. 
Stumpf (30) has shown that most of these amino acids are transaminated in 
higher plants, and similarly Cammarata & Cohen (31) have demonstrated 
that extracts of liver, kidney, and heart muscle, supplemented with pyridoxal 
phosphate and a-ketoglutarate, formed glutamate from the above-mentioned 
nine amino acids and also from isoleucine and arginine. Muscle appeared to 
be capable of transaminating additional amino acids, such as cysteine, serine, 
and histidine at slow rates. The amino acids, phenylalanine, tyrosine, ala- 
nine, and aspartic acid, are also formed from the corresponding keto acids 
and ammonium glutamate in the presence of insoluble particulate material 
from rat liver [Hird & Rowsell (32)]. Transamination from L-tyrosine has 
been established by the work of La Du & Greenberg (33), Le May-Knox & 
Knox (34) and Shepartz (35), and from L-ornithine by Quastel & Whitty 
(35a). The lack of transamination from lysine and from threonine in animal 
tissues is further indicated by the data of Clark & Rittenberg (36) and of 
Elliott & Neuberger (37). The former showed that the a-hydrogen of lysine 
is not labilized in vivo, in contrast to the a-hydrogen in leucine and glycine 
(38); the latter demonstrated that N from glycine in the diet of rats and 
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rabbits is not incorporated into the lysine or threonine of tissue proteins. 
The rate of transamination by the enzymes in the ‘“‘cyclophorase’”’ system is 
much greater than is necessary to account for the rate of the complete oxi- 
dation of L-alanine to carbon dioxide [Still, Buell & Green (39)]. 

Recently Cammarata & Cohen (40) have devised a new and more ac- 
curate method for measurement of the rates of transamination reactions. 
They showed that the Qtransaminase for the reaction between a-ketoglutarate 
and tyrosine is less than 1 in pig liver extracts but is 25.6 in those from rats. 
The same workers (41) also described an alcohol fractionation procedure 
for the preparation from pig heart of unresolved glutamate-oxaloacetate 
transaminase free from other transaminase activity. After resolution, the 
pyridoxal content of the enzyme was reduced to about one-fifth and the ac- 
tivity to one-twenty-fifth. This leaves the status of the coenzyme still some- 
what uncertain. The kinetics of several of the important transaminase reac- 
tions have also been studied by Darling (42); the effect, on the velocity of 
transamination, of some unsubstituted monocarboxylic acids (C; to Cs) ap- 
peared to be as great as that of the corresponding dicarboxylic acids. 

Karrer & Brandenberger (43) have proposed a mechanism of transamina- 
tion which, instead of involving a tautomerism between Schiff bases, in- 
volves a reduction of the base to an imino acid with subsequent oxidation. 
They demonstrated that the mixed a,a’-imino acids of propionic-glutaric 
and succinic-glutaric were rapidly dehydrogenated by preparations from pig 
and beef kidney or liver. When the glutaric acid residue was lacking as one 
component of the imino acid no dehydrogenation occurred. The enzyme in- 
volved in the dehydrogenation did not resemble D-amino acid oxidase. 

The rate of transamination is low in heart muscle taken from pyridoxine- 
deficient hamsters, but, contrary to previous work with similarly deficient 
rat tissues, the deficient preparations were not activated by the addition of 
pyridoxal preparations [Shwartzman & Hift (44)]. Beaton and co-workers 
(45) found no evidence of decreased transamination rates in rats deprived 
of pyridoxine, by feeding test doses of pL-alanine and observing blood glu- 
tamic acid levels. However, in the deficient group there was a delay in the 
removal of amino nitrogen from the blood. Transaminase activity may be 
lost by mutation in Neurospora [Fincham (46)]. Other evidence of the same 
type exists elsewhere in the literature of microbiology. 

Another very interesting type of transamination reaction which occurs 
in the liver has been described by Meister & Tice (47). The a-amino nitrogen 
of glutamine is transferred to a-keto acids such as those corresponding to 
the acids valeric, caproic, isocaproic, phenyl-propionic, p-hydroxypheny! 
propionic and a-methylthiolbutyric, with the simultaneous hydrolysis of 
the amide nitrogen. The enzyme concerned has an entirely different type of 
specificity from those involving the free dicarboxylic acids, and does not re- 
quire pyridoxal phosphate as a coenzyme. It should also be noted that with 


this type of system the equilibria will be different from those in systems in 


which no amide hydrolysis is involved. 
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Urea.—Great progress toward the elucidation of the mechanisms in- 
volved in urea synthesis has been made [see Ratner (48)]. The Wisconsin 
workers (49 to 52) have considerably clarified the role of carbamylglutamic 
acid in the formation of citrulline from ornithine by using the insoluble resi- 
due from homogenized liver or a soluble enzyme system prepared from the 
same source. The only carbamy] amino acid active in the system is carbamy]- 
L-glutamic acid and the synthetic system also requires ammonia, carbon 
dioxide, and an aerobic phosphorylating system, or adenosinetriphosphate 
(ATP) and Mgt’. The carbamyl compound functions catalytically as shown 
by employing labeled ammonia and carbon dioxide (52). A tentative formu- 
lation is: Carbamyl-L-glutamic acid+NH;+CO.+ATP-“‘Intermediate’’; 
followed by “‘Intermediate”’ +L-ornithine >L-citrulline + Carbamyl-L-glutam- 
ic acid. The carbamy] synthesis is inhibited by nitrogen mustard (53), and 
by biotin-deficiency in rats (54). 

With respect to the formation of arginine and urea from citrulline, the 
mechanism has been clarified by the demonstration of aspartic acid par- 
ticipation (55, 56, 57). The most recent work of Ratner & Petrack (57) has 
led to the partial separation and purification of two of the enzymes involved. 
The intermediate, when isolated in a relatively pure state, corresponds in its 
properties to the condensation product formed by the removal of the ele- 
ments of water from the enol form of L-citrulline and the amino group of 
aspartic acid: L-citrulline+L-aspartic acid+ATP-‘“Intermediate’’ —.- 
arginine+/-malic acid. Different enzymes are required for each step, the 
second of which is purely hydrolytic. The first of these two reactions occurs 
in two steps, one a phosphorylation with ATP, the second a condensation 
(58). L-aspartic acid appears to be quite specific as the nitrogen donor. 

These findings with respect to the direct utilization of aspartic acid ni- 
trogen for urea synthesis have received some support from the work of Hirs 
& Rittenberg (59). When liver slices were incubated with ornithine and 
NH;-N* the addition of increasing amounts of aspartate, glutamate, or ala- 
nine to the system resulted in a decrease in the label concentration in the urea 
without having any significant effect on that in the ammonia. However, 
when slices were incubated with aspartate-N* together with unlabeled am- 
monia and citrulline, the labeling of the urea was much less than when the 
labeled ammonia was used under otherwise identical conditions. Since as- 
partate penetrated the slices, as shown by the first-mentioned results, Hirs & 
Rittenberg question the nitrogen transfer pathway through aspartic acid. 
However, since the permeability of the liver cell to aspartate is less than to 
ammonia, it appears quite likely that, because of transamination mech- 
anisms, the percentage of N* in the aspartate inside the cells was quite low in 
these experiments, which would explain the superficially contradictory re- 
sults. Unfortunately the specific activity of the precursors was not deter- 
mined except in the cases where ammonia was used. In some experiments a 
50 per cent dilution of the NH;-N* of the medium occurred. 

In a painstaking attempt to correlate work in vitro with that in vivo, 
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Handler and co-workers (60, 61) have attempted to compare maximum rates 
of urea formation (deamination) from amino acids in intact dogs with what 
is known concerning the process from studies im vitro. Previously fasted dogs 
under light anaesthesia were infused with amino acid at rates sufficient to 
support the maximum rate of urea synthesis. Total amino acid disappearing 
(all the nitrogen of which was assumed to go to form urea) was compared 
with the total urea formed in a series of control animals. The infusion with 
saline solution was made with and without the addition of glucose (60). In 
this way it was shown that the urea production from endogenous nitrogen 
was not affected by the infusion of glycine, but that both the endogenous 
urea production and that from the infused glycine were reduced when glu- 
cose was added to the infusate. These experiments redemonstrate the well- 
known sparing effect of carbohydrate on nitrogen catabolism. When the 
actual rates of urea formation from different amino acids are compared many 
of the results appear to be in conflict with studies in vitro on deamination and 
urea formation; e.g., urea formation from L-forms of the dicarboxylic acids 
and L-methionine was slow (0.11 and 0.05 mg. urea-N/kg. min. respectively), 
contrary to expectations, whereas the rapid urea production from arginine 
(1.9) and glutamine (2.6) was not unexpected (61). The results with the di- 
carboxylic acids are explicable on the basis of the demonstrably slow penetra- 
tion of these amino acids into liver cells, and those with glutamine are prob- 
ably attributable to the very rapid penetration and deamidation of this sub- 
stance. There is a complication in these experiments which may not be in- 
significant; that is, the deamination of easily catabolized amino acid may be 
reduced by the metabolism of the deaminized residues as carbohydrate. The 
infusion of a mixture of DL-amino acids corresponding in composition to 
casein led to the death of the animals from ammonia accumulation, presum- 
ably from the rapid deamination of the D-components, as shown to occur 
with alanine. Glycine also proved to be relatively toxic and this toxicity, ac- 
cording to Stern & McGinnis (62), is related to the available cobalamine 
(vitamin By). 

The same vitamin is more directly implicated in urea formation by the 
data of Liener & Schultze (63) who showed, in the young born from rats on 
diets of crude plant material, that uremia, which was correlated with high 
blood urea, was cured by addition of this vitamin to the diet. 

Ammonia.—In a continuation of the experiments discussed in the pre- 
ceding section Kamin & Handler (64) measured the rate of ammonia pro- 
duction in perfusion experiments in dogs which were either normal or acidotic. 
Several amino acids led to high rates of ammonia formation even with a con- 
current normal serum bicarbonate level and high urine pH. Highest rates of 
ammonia production followed the infusion of the w-amides of the dicarboxylic 
acids, L- or DL-alanine, L-histidine, and of a casein hydrolysate. In these 
respects histidine behaved contrary to expectations from the studies of 
Edlbacher and of others, which indicated it to be a biologically stable amino 
acid. Other L-amino acids gave rise to ammonia more slowly, whereas glu- 
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tamic acid, lysine, and arginine did not affect ammonia excretion. It is sug- 
gested that these results indicate the dominant role of kidney transaminase 
systems in ammonia formation under the conditions of these experiments. 

Contrary to earlier work, Davies & Yudkin (65) report an increase of 
kidney glutaminase in acidosis and a change in the opposite direction in al- 
kalosis. 

In an analysis of data on the isotopic ratios (N*/N™) which exist be- 
tween the nitrogen in urea (r7,,) and that in ammonia (rq) after feeding labeled 
ammonium salts, glycine, or aspartic acid, Wu (66) finds that 7, is initially 
always higher than r, but that the relationship is later reversed. Since the 
intersection of the ra, 7, plots versus time always appears to occur at the 
maximum in fry, he concludes that, following the deductions of Zilversmit 
and co-workers (67), ammonia is the sole precursor of urea. However, this 
conclusion is not valid because the requirements for a system to which the 
deductions are applicable are not met by the ammonia-urea system in the 
intact animal. 

Amides.—Further information concerning the synthesis of glutamine 
from glutamate and ammonia in brain has been reported by Elliott (69); 
see also Zittle (68). ATP participates in the reaction and adenosinediphos- 
phate (ADP) inhibits. The synthesis is also inhibited by methionine sulf- 
oxide, fluoride, and p-chloromercuribenzoate. 

The investigation of an enzyme found in such diverse materials as bac- 
teria, seeds, and animal tissues, which labilizes the w-amide nitrogen of the 
dicarboxylic monoamides so that it exchanges with free ammonia or hy- 
droxylamine, has been continued by two groups of workers (70 to 75). Ac- 
cording to Stumpf and co-workers (70, 71), the system from pumpkin seed- 
lings consists of enzyme, ATP, phosphate, and Mn ion, and is specific for 
glutamine. It is also possible to substitute arsenate for phosphate; in this 
case the requirement for arsenate becomes stoichiometric. Waelsch and co- 
workers (72 to 75) have reported no ATP requirement for the related en- 
zyme from bacteria. Moreover in bacteria asparagine is also active, in fact 
the system in Proteus vulgaris is more active with this amide than with glu- 
tamine (74). It is also of interest to note that these workers (76) have ob- 
tained inhibition of growth of the organism mentioned and of L. arabinosus 
with media 0.3 to 1.5 mM in hydroxylamine. These inhibitions are reversed 
by the addition of ammonia, glutamine, or asparagine in P. vulgaris, al- 
though at higher concentrations inhibition cannot be reversed. 

Peptides —Analogous reactions involving peptide amides, catalyzed by 
proteolytic enzymes from plant and animal sources, have been further in- 
vestigated by the workers at Yale (77, 78). In the second of these communi- 
cations, Fruton and co-workers have described an elongation of peptide 
chains with the conversion of amide nitrogen to ammonia, e.g., the forma- 
tion of carbobenzoxyglycyl-L-phenylalanine amide from carbobenzoxygly- 
cine amide and phenylalanine amide in the presence of activated papain. 
However, the biological significance of these reactions, in relation to protein 
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synthesis, remains in doubt, praticularly since no system for the synthesis 
of amides other than glutamine-asparagine has been discovered. 

Rearrangements of peptide bonds, catalyzed by proteolytic enzymes, 
have been described by Waley & Watson (79), and a new type of peptide 
bond synthesis has been reported by Waldschmidt-Leitz & Kiihn (80). 
Virtanen (81) has continued his studies on the plastein and peptide bond 
synthesis in protein hydrolysates. The important finding in this connection 
appears to be that under the influence of pepsin a condensation of peptides 
is induced without the precipitation of the products of the reaction, meaning 
that the kinetics of synthesis of large from small peptides are not the same 
as for those from amino acid to peptide. This matter is also of importance 
with respect to the synthesis and exchanges described by the Yale group and 
others, and is naturally of the utmost importance with respect to protein 
synthesis. Perhaps it also would not be amiss to point out again that if pep- 
tides are combined or adsorbed to protein to any extent in a synthetic sys- 
tem the kinetics are likewise altered. 

Glutathione. —Further work on the synthesis of glutathione by the soluble 
enzyme system prepared from pigeon liver has been carried out by Johnson 
& Bloch (82). Synthetic activity was measured by either the incorporation 
of labeled glycine or L-glutamic acid into the molecule, or, with some of their 
best enzyme preparations from which the hydrolytic enzymes had been 
largely removed, as net synthesis (glyoxalase method). It was found that 
the incorporation of glycine proceeded best at pH 6.5 to 7.5 and that for 
maximum activity the following components were required: enzyme, Mg 
ion, phosphate, and the constituent amino acids. The incorporation of both 
glycine and glutamic acid required either ADP cr ATP, the diphosphate 
compound being as good as the triphosphate. The ratio of rates of incor- 
poration of glycine-N* to glutamate-C* was found to be one, when the re- 
sults were calculated to unit isotope specific activity in the amino acids 
used. The authors concluded that this result could be explained by assuming 
that the rate of formation of the glutaminyl-cysteine bond was the same as 
that for the cysteinyl-glycine bond. However, if synthesis de novo were the 
preponderant reaction, the isotopic ratio would be determined solely by the 
isotope specific activity in the medium and, therefore, would of necessity 
be one. In order to obtain a ratio other than one either glycine or glutamic 
acid would have to be exchanged out of preformed glutathione at different 
rates, or precursor dipeptides originating from hydrolysis of the preformed 
glutathione or protein must be used in the syathesis. Therefore, it is not safe 
to draw any conclusions from these experiments. 

The incorporation of cystine-S* into glutathione in vivo has been studied 
by Anderson & Mosher (83), by giving small doses of cystine intraperi- 
toneally to fasted rats and then isolating glutathione from trichloroacetic 
acid extracts of tissues taken from animals sacrificed at intervals of 3, 4, or 
18 hr. In agreement with Waelsch & Rittenberg (84), who used glycine-N* 
as labeling agent, it was found that the specific activity of the cystine in glu- 
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tathione rose more rapidly than that of the total sulfur in the proteins; and 
also that the specific activity of the glutathione in the liver was greater than 
that in the intestinal mucosa which, in turn, was greater than that in the 
blood when these values were determined after 3 hr. From these results it 
appears that glutathione is synthesized in the intestinal mucosa. 

Glycine conjugates.—In accord with previous data, Leuthardt & Nielsen 
(85) found the synthesis of hippuric acid from benzoate and glycine in rat 
and guinea pig liver to be linked to the insoluble particles (mitochondria) ; 
the supernatant was inactive. This conjugation appeared to proceed faster 
than that with p-aminobenzoic acid (PAB). In contrast Chantrenne (86) 
showed that the synthesis of hippuric acid is catalyzed by aqueous extracts 
of the acetone powder from rat liver fortified with Mg and K ions, cysteine, 
and ATP. Benzoyl! phosphate served to replace benzoate only in so far as it 
was hydrolyzed. The important finding in this investigation was that co- 
enzyme A is needed for the synthetic activity, so that extracts from which 
CoA had been removed were susceptible to reactivation by addition of the 
coenzyme. 


SPECIFIC PART 


Metabolism of various C, fragments and methyl groups.—This subject has 
been reviewed recently by Challenger (87). It is well known from work car- 
ried out several years ago in various laboratories that serine may be formed 
by the condensation of glycine with formate, or an intermediate arising from 
formate. The intermediate is also formed from methyl] groups of choline or 
from the a-carbon of glycine, but neither the carboxyl carbon of glycine nor 
carbon dioxide can serve the same purpose. More recently Sakami (88) has 
shown that the 8-carbon of serine may also arise from the methyl groups of 
acetone, and Siekevitz & Greenberg (89) demonstrated the formation of the 
same group from the methyl group of methionine. It has also been shown 
that C-2 of the imidazole ring of histidine goes to the B-carbon (90). 

During this period it became increasingly clear from experiments of a 
nutritional nature that labile methyl groups are synthesized in the rat. 
These studies are summarized in the work of du Vigneaud, Ressler & 
Rachele (91) who presented data which show that germ-free rats when fed 
D.O incorporate D into their tissue choline (methyl groups), and hence are 
capable of synthesizing such groups. It has also been shown by direct ex- 
periments that the intact rat and also liver slices are able to synthesize labile 
methyl groups from formate (89, 92, 93, 94), and since formate is formed 
from a large number of different sources, such as the methyl groups of ace- 
tone (88), methionine (89), the 8-carbon of serine (89), the a-carbon of gly- 
cine (89), it is reasonable that these groups have been found to give rise to 
labile methyl groups. Thus, several groups of workers have demonstrated 
in the intact rat that the methyl groups of choline may arise from the B- 
carbon of serine (93, 95, 96), or a-carbon of glycine (89, 96), and that both 
choline and methionine methyl! groups are formed from the methyl groups 
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of acetone, presumably by an indirect route (88). In addition the intact rat 
is able to utilize methyl alcohol, formaldehyde, and methyl mercaptan to 
synthesize labile methyl groups (97, 98, 99). In the case of methanol it has 
been shown by using the C- and D-labeled compound that there is little or 
no direct utilization of the group but, rather, that the alcohol first undergoes 
oxidation (98). 

Thus, in the rat there appears to be a reversible pathway between labile 
methyl groups and formate, and in this pathway there is an intermediate or 
intermediates which are in equilibrium with the B-carbon of serine. At pres- 
ent the nature of this intermediate is not entirely clear. Kruhgffer (100) did 
not detect any utilization of formate for serine synthesis from glycine in rat 
liver homogenates, and when Siegel & Lafaye (101) used similar homogen- 
ates their results indicated that formaldehyde was more nearly related to 
the intermediate than was either formate or methanol. Berg (102) investi- 
gated the synthesis of the methyl group of methionine from formate and 
homocysteine in guinea pig liver slices and he found that formaldehyde, as 
such, was not on the pathway. These results may be harmonized if it is as- 
sumed that the intermediate in all these reactions is an active form of for- 
maldehyde, and this supposition receives substantiation from the work of 
Mitoma & Greenberg (103) who found that rat liver homogenates formed 
serine from glycine and formate only in the presence of a source of ATP and 
a reducing agent such as cysteine. When formaldehyde replaced formate, 
these additions were unnecessary. Other experiments showed that the 
methyl group of sarcosine is a good source of the B-carbon, but that, although 
sarcosine was converted to formaldehyde and formic acid, the B-carbon arose 
from some intermediate. It should be mentioned that Mackenzie (104) had 
previously found that formaldehyde, formic acid, and carbon dioxide were 
produced during the oxidation, in vitro, of the methyl group of sarcosine with 
the sedimentable fraction of liver homogenates. Methanol was also oxidized 
to the aldehyde in the same system. 

There is abundant evidence that cobalamine (vitamin B,2) and folicin 
are implicated in the reactions of the methyl compounds and groups just 
considered. The reader is referred to the data in the following publications 
for further details (105 to 109). 

Glycine and sarcosine.—It may be noted that the rapid conversion of gly- 
cine to serine explains the observed higher labeling of glycogen following the 
feeding of glycine-a-C*, as compared with the carboxyl-labeled compound, 
and the more rapid elimination of the label from the latter compound into 
the respiratory carbon dioxide [Barnet & Wick (110)]. Also in human sub- 
jects given glycine-1-C*, it has been observed that there is a rapid catab- 
olism of this carbon, which is associated with at least three, and probably 
four, metabolic processes with half-times of approximately 3, 30, and 240 hrs. 
and one much slower of perhaps 90 days [Berlin, Tolbert & Lawrence (111)]. 

Mardshev & Semina (112) have reported the formation of glycine from 
glyoxylic acid, and Weinhouse & Friedman (112a) found in addition that 
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glycine is formed from glycolic acid but not from acetate, formate, or oxa- 
late. Kreuger (113) has endeavored to prove, by the analysis of liver tis- 
sue taken from rabbits and rats previously injected with B-hydroxybutyrate, 
acetoacetate, or pyruvate, that these species convert the ketone substances 
to serine yet do not convert pyruvate. Although the analytical data are 
in accord with this supposition, it is obvious that data of this type are open 
to other interpretations. Should this conclusion be substantiated it would 
prove the conversion of fat to carbohydrate through protein [compare 
Sakami (114)]. 

Mention has previously been made of the fact that the methyl group of 
sarcosine is oxidized through formaldehyde and formate to carbon dioxide 
(104). It has also been observed that sarcosine is synthesized by the rat 
utilizing the methyl group from methionine. Therefore, sarcosine appears to 
be a normal metabolite, at least in this species [Horner & Mackenzie (115)]. 

Methionine —Burke, Nystrom & Johnson (116) have inquired into the 
utilization of the methyl group of methionine for choline formation and its 
rate of oxidation to carbon dioxide in the chick, with the aid of methionine- 
C*H3. In two experiments, chicks metabolized methionine less rapidly via 
these pathways than does the rat (117, 118), although these experiments 
are not really comparable. In the rat the rate of oxidation largely depends 
on the methionine content of the diet (118). 

Dinning, Keith & Day (119) investigated the influence of folic acid de- 
ficiency on the ability of chicken liver homogenate to synthesize methionine 
from pL-homocysteine and choline or betaine. Of the two methyl donors be- 
taine was the more efficient in all experiments, thus lending support to the 
work of others. Methylation was depressed in the homogenates from the de- 
ficient birds, and did not appear to be stimulated by the addition in vitro 
of folic acid, although homogenates from control birds fed the vitamin did 
respond to the addition in vitro. According to Gillis & Norris (120) cobala- 
mine does not stimulate transmethylation to homocysteine, but rather the 
synthesis of methyl groups. The same vitamin has been implicated in the 
toxic phenomena associated with methionine overdosage [Hardin & Hove 
(121)}. 

The synthesis of creatine from guanidinoacetic acid and L-methionine in 
slices and homogenates from adult and embryonic liver of eight species has 
been examined by Cohen (122). These experiments show that guinea pig 
slices are four or more times as active as the tissues from any of the other 
species tested, and that the embryonic and adult tissue possess about the 
same activity in the slice form. However, in homogenates the embryonic tis- 
sue shows very little activity. Cohen (122) also observed that the alkaline 
picrate reagent for creatinine reacts with a-keto-y-methiolbutyric acid to 
give a yellow color. Consequently, if D-methionine is present in experiments 
of this type, spurious extra creatinine will be measured unless precautions 
are taken. Some of the high rates of creatine formation in vitro reported in 
the literature (123) are in error on this account, and, it also appears likely 
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that, in many instances where increased urinary creatine-creatinine has been 
reported following methionine feeding, the results are in error for the same 
reason. 

Cantoni (124, 125) has studied transmethylation from L-methionine to 
nicotinamide by a soluble enzyme system prepared from rat, pig, guinea pig, 
and dog liver. The transfer was found to proceed in the absence of oxygen if 
a source of energy-rich phosphates and Mg ion was provided. No transfer 
took place when the nicotinamide was replaced by the free acid or when the 
L-methionine was replaced by choline or betaine unless homocysteine was 
provided. In this respect, therefore, this methylation reaction is like that in- 
volving creatine formation. Evidence is presented which indicates that the 
mechanism of this transmethylation consists first in the formation of an ac- 
tive methionine derivative, perhaps a sulfonium derivative with phosphate, 
followed by a transfer reaction. 

Forker and co-workers (126, 127) have shown that, although the con- 
version of methionine to cystine occurs quite readily in the eviscerated dog, 
the oxidation of methionine sulfur to sulfate takes place only very slowly. 

Binkley (128) succeeded in partially separating cystathionase from the 
system catalyzing the formation of cystathionine and has thus been able to 
effect synthesis from DL-serine and DL-homocysteine. The study of the cleav- 
age of thioethers by an enzyme prepared from rat liver has been continued 
by the same worker (129). Using 100 times the amount of enzyme previously 
found necessary to cause significant cleavage of cysteine derivatives, the 
cleavage of the pL-forms of cysteine, homocysteine, methionine, and ethio- 
nine to give HS, methyl mercaptan, and also ethyl mercaptan, was ob- 
served. An equivalent or greater ammonia formation was also noted. Canel- 
lakis (99) observed a similar cleavage of methionine with a particulate frac- 
tion from rat liver homogenate. With this preparation a-keto-y-methiol- 
butyric acid was cleaved more rapidly than either D- or L-methionine. Con- 
sequently the substrate is probably not the free amino acid. Thus, there ap- 
pears to be a pathway of methionine metabolism not heretofore well recog- 
nized. The de-ethylation of ethionine in rats and the transfer of the ethyl 
group, to form ethyl choline, has been reported by Stekol & Weiss (130). 
Ethionine-S* was converted to cystine-S* as shown by experiments involving 
bromopheny!mercapturic acid formation. 

The data of Marshall & Friedberg (131) show that methionine-2-C* is 
metabolized to give labeled fumarate and lactate. These data are compatible 
with those already considered, if, after the loss of methyl mercaptan from 
a-keto-y-methiolbutyric acid, the y-carbon suffers oxidation to a carboxyl 
group giving oxaloacetic acid. It is not clear how these reactions are related 
to those which lead to the formation of a-ketobutyric acid from homoserine, 
as observed by Carroll, Stacy & du Vigneaud (132) and by Kallio (133). The 
latter worker showed that cell-free preparations from P. morganii caused 
the breakdown of homocysteine to the keto acid mentioned, ammonia, and 
hydrogen sulfide. Cysteine, serine, and threonine were less readily attacked. 





— He ao Bc oe 2 U6 UCU Ua | 6 


ly 


is 
le 
m 
yl 


e, 
1e 


id 





METABOLISM OF AMINO ACIDS AND PROTEINS 313 


Following dialysis of the preparation, pyridoxal phosphate had an activating 
effect. Braunstein and co-workers (134, 135) have also found pyridoxine to 
be involved in the desulfhydrase reaction and in the conversion of homocys- 
steine to cysteine. Thus, rats on pyridoxine-deficient diets had livers with 
very low desulfhydrase and transsulfurase activity. Pyridoxal phosphate 
addition in vitro restored the transfer capacity. In this connection it is also 
of interest to note that Fling & Horowitz (136) have shown that, in the 
medium from the methionineless mutant of Neurospora-9666, there accumu- 
lates, besides threonine, a substance with the properties of homoserine, so 
that suitable fractions of the medium will support the growth of a homoser- 
ineless mutant-51504. These findings give support to the following meta- 
bolic scheme for Neurospora: threonine—homoserine, followed by, homo- 
serine+cysteine >cystathionine +homocysteine > methionine. 

For fuller information on desulfhydrases, see Fromageot (137). 

Cystine—The excretion of amino acids other than cystine in the condi- 
tion of cystinuria has been confirmed by several workers [Dent & Rose (138); 
Stein (139)]. By paper chromatography it was found that 15 patients with 
this condition all excreted excessive amounts of lysine and that, generally, 
arginine also increased, although blood levels of these amino acids were nor- 
mal within the limits of the method (138). Employing a Dowex 50 separation 
Stein (139) found the amino acid distribution in five cases to be in the rela- 
tion, ornithine :cystine:arginine:lysine as 1:1:2:4. Dent & Harris (140) di- 
vided 22 cases of cystinuria into three types: the first with the deviations 
noted, the second with the Fanconi syndrome, and the third with Wilson’s 
disease or hepatolenticular degeneration. Amino acid excretion in the latter 
condition has also been investigated by Cooper and co-workers (141) who 
found a two-fold increase or more in the total amino nitrogen excreted in 
fasting, although infusion of amino acids had no effect on the excretion. Dent 
(142) has interpreted all these conditions as being due to lowered renal 
thresholds and has compared them to other metabolic anomalies such as the 
excretion of uric acid by the Dalmatian coach hound. This animal, although 
it has the necessary enzyme system to convert uric acid to allantoin, ex- 
cretes the acid, presumably because of a renal aberration. Stein (139) retains 
the concept of a true metabolic change in cystinuria, and it is obvious that 
a simple renal defect does not explain the results of Cooper and co-workers 
(141). Cleland (143) observed that in one case of cystinuria the feeding of 
extra glycine, but not of leucine, asparagine, or tyrosine, evoked an extra 
excretion of cystine and has interpreted her results as an interference by gly- 
cine with the resorption of cystine from the glomerular filtrate. 

From the work of Gutman & Wood (144) it is clear that the acetylation, 
in vitro, of S-benzyl-pL-homocysteine and of p-bromophenyl-L-cysteine oc- 
curs in both the liver and kidney, with the liver showing slightly greater 
activity with respect to both substrates. West, Mathura & Black (145) 
showed the conversion of p-chlorophenyl-L-cysteine to the acetylated deriva- 
tive in the rat. 
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Leucine and valine.—Earlier work, including that of Coon & Gurin (146), 
had shown that C-2 and C-3 of leucine are split off to form acetoacetate by 
condensation of pairs of these units, but prior to this work on cleavage of the 
molecule, considerable evidence had implicated isovaleric acid as the pri- 
mary source of the C; fragment. With leucine-4-C* the acetoacetate pro- 
duced.in tissue slice experiments was found to be labeled in C-3 (146). 

Coon (147) has carried out experiments on the metabolism of the isopropy] 
group of isovaleric acid in tissue slices: isovalerate-1-C* gave acetoacetate- 
1,3-C*; isovalerate-3-C* gave acetoacetate-3-C*; and isovalerate-4,4-C* gave 
acetoacetate-2,4-C*. The only reasonable explanation of these facts is 
that one of the 1.5 moles of acetoacetate produced from leucine arises by 
carbon fixation into the carboxyl groups of acetoacetate, schematically: 
HOOC—C—C—C—(C)—C-C0,+1/2 C—C—C—CO0OH+C—(C)—C; 
followed by C—(C)—C+CO.—-C—(C)—C—COOH. Thus, one pathway 
of leucine metabolism is clearly delineated (a primary splitting off of the 
carboxyl group as CO; and of the isopropyl group as acetone, condensation 
of the latter with CO, to form one mole of acetoacetate, and condensation 
of the central C-2-C-3 fragment to give an additional half mole of acetoace- 
tate per mole of leucine); whether there are others, particularly in other tis- 
sues, remains an open question. The fixation of carbon into acetoacetate has 
been detected also by Plaut & Lardy (148). The further metabolism of ace- 
tone is obscure (114). 

Fones and co-workers (21, 149) examined the conversion of both L- and 
D-valine-4,4’-C* to carbohydrate. The natural isomer was more readily 
utilized. 

Ornithine, proline, glutamic acid.—Stetten (150) has reinvestigated the 
mechanism of the conversion of ornithine to proline, hydroxyproline, and 
glutamic acid by using both a- and.6-N*-ornithine. From the N-labeling of 
the amino acids in the protein the interconversions of these amino acids may 
be summarized: ornithine-a-N*-—proline-—hydroxyproline, ornithine-a-N* 
~—glutamic acid and ornithine-6-N -(glutamic acid—proline). These data 
mean that the scheme of Stetten & Schoenheimer (151) is not satisfac- 
tory since the primary attack is on the 6-amino group, presumably to give 
the semialdehyde of glutamic acid. However, some direct a-deamination is 
not excluded. A modified Shemin-Rittenberg scheme (152) plus transamina- 
tion explains these new facts adequately. The suggested reversible oxidation- 
reduction of glutamic acid semialdehyde needs investigation. 

It appears that in brain an important pathway of glutamic acid metabo- 
lism is through y-aminobutyric acid (see also p. 301). Newer data concern- 
ing the concentration of this y-amino acid in mouse brain at different stages 
of development are given by Roberts, Harman & Frankel (153). 

Micrococcus pyrogenes is not able to utilize pyrrolidine carboxylic acid 
as a precursor of proline (154). 

Histidine.—Histidase and urocanase have been reviewed by Leuthardt 
(155). D’Iorio & Bouthillier (90) have investigated the metabolism of the 
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C-2 of histidine and showed that this carbon is converted to formate or the 
equivalent. Likewise in yeast histidine is synthesized by the utilization of 
formate carbon which appears in the same position (156). 
Phenylalanine-tyrosine —The investigation of Sanadi & Greenberg (157) 
using B-labeled amino acids showed that the L- and p-forms of phenylalanine 
are similarly metabolized but that there is a difference in the case of tyro- 
sine. Concerning the specific mechanisms of tyrosine oxidation through 
homogentisic acid, information has been broadened by the discovery that 
the first step is one of transamination (q.v.). The oxidation in liver prepara- 
tions occurs with the uptake of four atoms of oxygen per mole using either 
the amino or keto acid as substrate (33, 34, 35, 158, 159). Crude preparations 
also oxidize 2,5-dihydroxyphenylpyruvic acid and homogentisic acid with the 
consumption of three and two moles of oxygen respectively (158). Ravdin & 
Crandall (160) have fractionated crude enzyme preparations into two com- 
ponents, one of which catalyzes the oxidation and the second a hydrolytic 
reaction. When the first enzyme alone is allowed to act on p-hydroxyphenyl- 
pyruvic acid an intermediate with the properties of 4-fumarylacetoacetic 
acid accumulates; with the second enzyme this is cleaved to fumaric acid 
and acetoacetic acid. The data of Sanadi & Greenberg (157) add additional 
support to this mechanism of phenylalanine-tyrosine breakdown, which in- 
volves formation of acetoacetate from two carbons of the side chain plus two 


of the ring. The oxidation, therefore, may be formulated as: phenylalanine. 


tyrosine >p-hydroxyphenylpyruvic acid O homogentisic acid20fumarylace- 
toacetic acid -fumarate +acetoacetic acid. Felix and co-workers (161) have 
described two patients with liver disease, and without spleens, who excreted 
extra p-hydroxyphenylpyruvic acid and other Millon-positive substances 
when L-tyrosine was administered. Since the feeding of extra ascorbic acid 
had no influence on the metabolic picture, and the patients failed to oxidize 
the keto acid normally, their condition resembles the one described as 
tyrosinosis by Medes (161a). Other patients with liver disease, but with 
intact spleens, did not have this defect. The enzymes responsible for the 
opening of the homogentisic acid ring have also been investigated by Suda 
and co-workers (162, 163). It appears from this work that there are two dis- 
tinct enzymes with a requirement for phosphate and ferrous ion. In adult 
guinea pigs, fed 10 mg. ascorbic acid plus 0.5 gm. tyrosine and 15 mg. a,a’- 
dipyridyl per day, high homogentisic acid excretion was observed. Low en- 
zyme concentrations were found in ascorbic acid-deficient guinea pigs. Ac- 
tivation resulted from the addition of ferrous ion or, less well, with ascorbic 
acid (in vitro). 

Tryptophan.*—The initial step in the breakdown of L-tryptophan which 
leads to the production of kynurenine and formic acid has been investigated 
by Knox & Mehler (165, 166), using a soluble enzyme system prepared from 
livers of several species. Two reactions are involved, one of which is a per- 


3 See also Stanier & Hayaishi (164). 
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oxidase-oxidase reaction of the type originally described by Keilin & Har- 
tree (166a), leading to the production of formylkynurenine (not isolated). 
The second is a simple hydrolytic reaction. Dalgliesh, Knox & Neuberger 
(166b) have provided convincing evidence that a-hydroxytryptophan is not 
an intermediate in the reaction. It is of outstanding interest that the activity 
of the oxidation system increased 10-fold in the livers from animals fed extra 
tryptophan, and increased somewhat when other similar aromatic amino 
compounds were fed and also when epinephrine was given (167). An effect of 
histamine appeared to be mediated through adrenal stimulation. This is a 
clear case of a large and specific increase in enzyme activity in response to a 
metabolite. However, it may not result from an increase in the protein- 
enzyme, but rather be an effect of a heavy metal component in the system, 
supposing such a component exists, which would appear not unlikely in a 
peroxidase-oxidase system. The hydrolytic enzyme acts on other formylated 
aromatic amines but the specificity of the oxidase system is such that tyra- 
mine and other indoles substituted in the 3-position were not active as sub- 
strates. 

Schayer (168) has studied the metabolism of tryptophan-N*-indole. He 
found that the conversion of the L-form to kynurenine and kynurenic acid 
occurred in the rabbit; the DL-amino acid formed these two compounds as 
well as xanthurenic acid in the rat, without significant dilution of the N*. 
Similar conversions of L-kynurenine to xanthurenic and kynurenic acids 
were also observed. The N* in the urinary ammonia of the rats was higher 
than that in the urea suggesting a rapid conversion of the indole-N* to NH; 
product. However, when indole-N* itself was administered to rats it was ex- 
creted without ring rupture. The data of Mason & Berg (169) obtained by 
chromatographic methods on paper implicate the liver in the conversion of 
L-tryptophan to kynurenine and kynurenic acid and to a lesser extent to an- 
thranilic acid. The kidney did not form these metabolites from tryptophan 
but was capable of metabolizing L-kynurenine more rapidly than did the 
liver to unknown products evidently related to xanthurenic acid. The metab- 
olism of xanthurenic acid and of anthranilic acid proceeded but slowly, al- 
though 3-hydroxyanthranilic acid was broken down rapidly in both liver 
and kidney. Kynurenic acid was not catabolized. 

The specific mechanisms and the order of reactions leading from ky- 
nurenine to the two anthranilic acids mentioned is not too clear, at least in 
so far as mammals are concerned. In their study of the metabolism of DL- 
trytophan-8-C* in phlorizinized rats Sanadi & Greenberg (170) found the 
glucose excreted had 50 per cent of its activity located in C-1 and C-6 
whereas there was insignificant activity in the simultaneously excreted aceto- 
acetic acid. But when tryptophan was administered to normal animals along 
with p-aminobenzoic acid the acetoamido compound excreted had activity. 
From these data, the authors deduced that catabolism occurs through ky- 
nurenine by the loss of one carbon atom by decarboxylation followed by the 
loss of an actively acetylating C2. compound that either enters the citric 
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acid cycle or acts as an acetyl donor. However, this is not a completely satis- 
fying explanation for the lack of activity in acetoacetate and it is impossible 
to rule out a breakdown of kynurenine or its derivatives by a tryptophanase 
type (?) of reaction leading, on the basis of these results, to the removal of a 
C; product. By analogy with bacterial metabolism the C; fission would ap- 
pear preferable, and such a fission is supported by the work of Braunstein, 
Goryachenkova & Paskhina (171) and of Dalgliesh, Knox & Neuberger 
(166a) who have shown that kynurenine is broken down to anthranilic acid 
and alanine in the presence of a pyridoxal phosphate-enzyme. The enzyme 
concerned, kynureninase, also acts on 3-hydroxykynurenine (166a). Al- 
though kynurenine may undergo transamination, the formation of alanine 
by such a mechanism appears to have been excluded (166a). During the 
breakdown of tryphophan by pyridoxine-deficient rats, a compound with the 
properties of a-N-acetylkynurenine appears in the urine. 

Priest, Bockman & Schweigert (172) have reported on the distribution of 
the enzyme responsible for the conversion of 3-hydroxyanthranilic acid to 
quinolinic acid: rat and pig liver homogenates caused a quantitative con- 
version; beef liver as well as rat, beef, and pig kidney caused a partial con- 
version with the accumulation of an intermediate (?). Other tisuses from 
rats did not metabolize the compound. As to the nature of the intermedi- 
ate(s) in this reaction there is some disagreement, although most workers are 
in agreement that 3,4-dihydroxyanthranilic acid is not involved (173, 174). 
The possibility of the involvement of a quinone has been considered by Bok- 
man & Schweigert (173). 

The effect of B vitamins on the catabolic reactions involving tryptophan 
intermediates has been investigated by Henderson, Weinstock & Ramasarma 
(176). Undoubtedly from this work the important factor is pyridoxine which 
is involved in the stages between kynurenine and 3-hydroxyanthranilic acid 
(or anthranilic acid). These and most other investigations of a like sort rest 
on the premise that the main line of catabolism passes through nicotinic acid; 
other possible pathways may be involved as indicated by the work of Mason 
& Berg (169). Further microbiological data on the conversion of tryptophan 
intermediates to nicotinic acid are to be found elsewhere (177, 178, 179). The 
data considered are consistent with the following scheme of metabolism: 
Tryptophan —formylkynurenine ~kynurenine—3-hydroxykynurenine or 
kynurenic acid || kynurenineanthranilic acid or 3-hydroxyanthranilic acid 
or xanthurenic acid || 3-hydroxyanthranilic acid—>x or y—quinolinic acid; 
anthranilic acid—?; 3-hydroxykynurenine—?. 

The tryptophanase reaction has been reviewed by Happold (180) and 
a new mechanism has been proposed by Beerstecker & Edmonds (181). 


PROTEIN METABOLISM 


Incorporation of labeled amino acids in vitro—Peterson, Winnick & Green- 
berg (182), using a liver granule fraction, have shown stimulation of the in- 
corporation of serine, phenylalanine, leucine, and glycine by ATP and still 
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greater effects with the further addition of an amino acid mixture and cit- 
rate. This was confirmed by Winnick (183) using glycine and alanine in 
dialyzed homogenates of fetal rat liver. The same worker showed that fetal 
liver homogenates, unlike those from a transplanted mammary carcinoma, 
incorporated the amino acids with greater rapidity than did adult liver ho- 
mogenates (184). 

The work of Farber, Kit & Greenberg (185) shows that the factors gov- 
erning the incorporation of glycine into the proteins of cells from the Gardner 
lymphosarcoma are the same as those governing the incorporation of amino 
acids into bone marrow cell proteins (186). With the same cells Kit & Green- 
berg (187, 188) found that the uptake of the four amino acids just mentioned 
was stimulated by the addition of glucose to the medium, but there was no in- 
crease in respiration; in general they found, using a large variety of reagents, 
both singly and in combination, that those which caused a stimulation of res- 
piration or of glycolysis resulted in a stimulation of uptake. The converse was 
also true. Comparisons of normal liver tissue with dimethylamino-azo- 
benzene-induced tumor tissue in vitro have shown greater uptakes by 
the tumor material (189); but it was found that normal spleen cells incorpo- 
rated the labeled amino acid as fast as the lymphosarcoma cells. However, 
in vivo the results with tumor tissue are the same as those from normal liver 
(190, 191). The Gardner lymphosarcoma, on the other hand, has about the 
same uptake as normal spleen but a greater uptake than lymph nodes (192). 
Consequently, the interpretation of these results presents some difficulty; 
however, it is not illogical to anticipate changes in the activities of proteins 
in tumor tissue, since the proportion of the different soluble proteins in this 
kind of tissue is quite different from that in the normal (193). 

Further work on the incorporation of methionine-S into the proteins of 
E. coli has been carried out by Melchior, Klioze & Klotz (194). In agreement 
with the results from other laboratories, where uptakes by mammalian tis- 
sues were measured, it was found that the incorporation into the nonpro- 
liferating bacteria was almost completely inhibited by dinitrophenol. The 
possibility that observed changes in rates of uptake with changes in methio- 
nine concentration in the medium could be attributed to the involvement of 
several enzyme steps was discussed by the authors and found to be a plau- 
sible explanation of the results. 

Eakin, Kutsky & Berg (195) have shown that the dorsal halves of Rana 
pipiens and Hyla regilla embryos incorporate methionine-S* less rapidly than 
do the ventral halves, supporting previous data which showed that the meta- 
bolic rates are in a similar relationship. 

It is seen from all these results that the major part of the uptake of amino 
acids by tissues depends on the maintenance of a source of energy-rich phos- 
phates, either by direct addition or by the operation of glycolytic or respira- 
tory systems. 

Very interesting experiments have been carried out by Miller and co- 
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workers (196) who studied the incorporation of lysine-e-C* into the plasma 
proteins by perfusing the isolated liver with blood containing the lysine with 
and without the further addition of glucose and/or essential amino acids and 
nonessential amino acids. The rate of incorporation into the plasma proteins 
continued more or less steadily for several hours and then decreased as the 
supply of amino acid(s) diminished. More rapid incorporation occurred when 
glucose was added, and best results were obtained by adding 0.7 per cent of 
a mixture of all the amino acids to the perfusion fluid (135 to 240 ml.). Under 
these conditions, assuming that the incorporation represents protein syn- 
thesis and that plasma protein contains 7 per cent lysine, the maximum rate 
observed was about 4 mg./gm. liver protein/hr. 

Incorporation of labeled amino acids in vivo.—The uptake of DL-cystine-S* 
by the proteins of intact rats has been examined by two groups of workers 
(83, 197). Lee and co-workers (197) found, in confirmation of observations 
made on systems in vitro by others, that it was possible to remove a signifi- 
cant amount of the activity present in the proteins of animals, sacrificed be- 
tween 2 and 8 hrs. after injection of cystine, by washing the protein witha 
reducing agent (monothioethylene glycol). Total activities in the tissues be- 
came approximately equal to protein activities 24 hrs. after the injection, 
and by this time urinary excretion had fallen to low values. With cystine, 
both groups of workers found the relative specific activities of the proteins of 
various tissues to be comparable with those obtained by others using differ- 
ent amino acids, although actual specific activities were only 10 to 20 per 
cent of those observed when methionine was used as a labeling agent (198). 
This is because the specific activities were measured on the basis of total sul- 
fur whereas only the L-component of the DL-cystine was actually taken up. 
Since about 50 per cent of the sulfur* was excreted in the first 24 hr., it ap- 
pears that this largely represented sulfur from the D-component. When livers, 
which had been labeled by the injection of cystine 8 hr. previously, were sub- 
jected to perfusion, loss of activity persisted even when the volume of per- 
fusate had reached 100 ml. The indication is that a large part of the uptake 
was due to incorporation into soluble protein, as found to occur in vitro (199). 
Labeled livers were also subjected to centrifugal fractionation and the fol- 
lowing orders were found for the specific activities of the protein fractions: 
microsomal > nuclear > mitochondrial >residual. Borsook and co-workers 
(200), using a different method of fractionation and labeling, also found the 
microsomal protein to be the most active 30 min. after giving labeled amino 
acids, although the relative activities of other fractions were found to de- 
pend on the particular amino acid employed. This may be because of the dif- 
ferent percentage compositions of the proteins synthesized with respect to 
the amino acids employed. 

Forker and co-workers (126) presented evidence to show that the in- 
corporation of methionine-S* into the muscle protein of depancreatized, 
eviscerated dogs is less than normal and that the defect is corrected by the 
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administration of insulin. There is also a report that the simultaneous feed- 
ing of cobalamine stimulates the uptake of methionine-S* into the tissues of 
intact rats [Konikova and co-workers (201)]. 

Norberg & Greenberg (192) studied the uptake of glycine-1-C* into the 
proteins of the tissues of normal, fasted, and Gardner lymphosarcoma-bear- 
ing-mice at intervals from 1 to 48 hr. after the injection. The results are ex- 
pressed in the form of a biological concentration coefficient (BCC) which is 
actually the per cent dose times the weight of the animal in grams/kg. pro- 
tein. The uptake curves were of the same form and bore about the same 
relation to each other as those found by previous workers. In addition it was 
determined that, in general, the coefficients for the fasted animals were 
greater than those for the normals, and for the tumor-bearing animals the 
plasma, liver, spleen, and metastasized lymph node proteins were greater, 
those of the kidney and brain were the same, but those for the muscle were 
less than those for the corresponding tissues of the normals. The authors 
conclude that the results may be taken as an indication that protein syn- 
thesis is stimulated in the livers of the tumor-bearing animals. However, the 
interpretation of such experiments as these, and of many more which have 
preceded them, is fraught with great difficulty, because of the lack of knowl- 
edge concerning precisely what is being measured and how the results should 
be compared. 

With respect to the latter point it is of interest to compare BCC with the 
method of expression used by Borsook and co-workers (200). In their final 
analysis of results these workers made comparisons in terms of veq. of amino 
acid taken up per gram of protein per hour in the interval prior to sacrifice. 
It is implied that the specific activity of any given sample is proportional to 
the specific activity of the injected amino acid, whereas when BCC is used 
it is implied that the specific activity of the sample is proportional to the ac- 
tivity injected and inversely proportional to the weight of the animal. [This 
latter condition prevailed in the experiments of Tarver (202) when small 
doses of methionine-S* were given orally to rats.] In order for the first to be 
true, the mass of amino acid injected must be sufficiently large that its 
specific activity determines the specific activity at the site of synthesis; for 
the BCC the mass must be sufficiently small that the specific activity is de- 
termined only by the amount of tissue amino acid in which the activity be- 
comes distributed. When consideration is given to this matter it will be seen 
that the validity of either form of expression is open to question: that of 
Norberg & Greenberg (192) if a tracer dose is not used, and that of Borsook 
and co-workers in any period during which the specific activity in the tissue 
deviates from that in the dose. The values obtained for the plasma proteins 
(one hour after the injection) by Borsook and co-workers and Norberg & 
Greenberg are respectively 1.36 and 0.93 weq./gm. or 0.28 and 0.53 in terms 
of BCC assuming all the mice to be 20 gm. in body weight. It is possible that 
in the experiments of Norberg & Greenberg the expression of results in the 
form of BCC’s may give a false idea of the synthetic activity because the 
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tumor bearing animals were larger than the normals and the weight factor 
figures prominently in the expression. 

The metabolism in recipient rats and dogs of plasma proteins labeled by 
feeding either serine-8-C* to normal rats (203, 204) or lysine-e-C* to protein- 
depleted dogs (205, 206) has been investigated. Following the injection of 
relatively large doses of plasma into the animals it was found that the frac- 
tion of the dose in the circulation was reduced to about 50 per cent of its ini- 
tial value in 10 hr. in the rats and in 24 hr. in the dogs. These studies in rats 
have been confirmed in more recent work with generally labeled plasma pro- 
tein (207). Similarly, rapid rates of loss from the circulation of protein la- 
beled in a variety of ways have been found by previous workers (208) and 
more recently by Sterling using I*-labeled albumin in human subjects (209) 
and in dogs by others (210). It has also been observed with labeled plasma 
proteins that there is a rapid transfer of protein from the blood vascular sys- 
tem into the lymph in the dogs (211, 212) and in rats (213), confirming 
earlier work of Drinker and others. Transfer from the peritoneal cavity into 
the lymphatic channels has also been shown by conventional methods in 
several species by Courtice & Steinbeck (214), and in dogs and rats using 
labeled proteins (213, 215). There is also considerable information indicating 
that protein may pass into the glomerular filtrate and be resorbed (216). It 
is seen from these results that there is a rapid loss of protein from the circula- 
tion into lymphatic channels, and probably also into cells; so the rapid loss 
of labeled protein from the circulation results mainly from the equilibration 
which occurs between the vascularized protein and that in the interstitial 
fluid and lymph. In the experiments with both dogs and rats, the rate of loss 
soon slowed down to one which was presumably due to the operation of nor- 
mal catabolic processes (turnover). Measured in this way the half-life of the 
plasma protein in 200 gm. rats was 74 hr., indicating for these animals an 
average rate of plasma protein formation amounting to 5.2 mg./hr., or 4 mg./ 
gm. liver protein/hr. (Calculated on the basis of the plasma protein actually 
in the blood vascular system. The true rate is probably two times this or 
more.) The data are in reasonable agreement with those obtained with other 
labeled amino acids and in other species (208). They are also reasonable in 
the light of the results of Peters & Anfinsen (199) who found in vitro, with 
chick liver slices, a rate of albumin synthesis of 0.12 mg./gm./hr. (approx. 
7 mg./gm. protein/hr.) and with the previously quoted figure obtained by 
Miller and co-workers (196) in perfusion experiments. 

If it is assumed that the rate of loss of the individual amino acids from 
plasma protein is the same, i.e. that the turnover, e.g., of lysine, is propor- 
tional to the lysine content of the protein, then some interesting comparisons 
may be made. From the data of Abdou & Tarver (203, 207) the loss of histi- 
dine, lysine, and leucine from plasma protein in the circulation of the rat 
proceeds at a rate of 1.3, 1.6 and 5.1 weq./gm./hr. assuming 2.1, 7.0, and 
7.0 per cent of each of these amino acids in the protein. From the data of 
Borsook and co-workers (200) the maximum rates of incorporation of the 
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same amino acids into mouse plasma protein are 5.4, 1.8 and 7.0 weq./gm./ 
hr. (There is some uncertainty in these values due to arithmetical errors in 
the tabulated data.) The importance of comparisons such as this is evident 
because it shows that it may be possible to measure rates of protein synthesis 
from data obtained either by ‘‘degradation” or ‘‘synthetic’”’ types of experi- 
ments. However, in the latter type of work differences between figures, each 
open to considerable error, must be used in order to measure maximum rates, 
i.e., rates which prevail presumably when the specific activity of the amino 
acid in the tissue is the same as that in the dose. The comparison is also of 
significance because the results indicate that one is dealing with a co-ordi- 
nated synthesis of new bonds to form protein and not with the random ex- 
change of amino acids in and out of peptides, large or small, by processes of 
the type emphasized by Fruton and co-workers (77, 78). 

The experiments involving labeled plasma protein (204 to 207) have 
shown a rapid uptake of the protein by the tissues, but there is some doubt 
as to what amount of activity should be assigned, in each tissue studied, to 
plasma protein in the several compartments. In any case, it is impossible to 
tell to what extent plasma protein is broken down before the units are in- 
corporated in tissue protein, other statements to the contrary notwithstand- 
ing. 

Kelley and co-workers (217) used methionine-S* in a study of the turn- 
over of plasma proteins in two normal children and in three with lipoid 
nephrosis. Unfortunately, these workers attempted to arrive at conclusions 
from data obtained 5 and 25 hr. after injection of the labeled amino acid in 
tracer dose (?). In the present state of knowledge this is impossible, particu- 
larly in view of the fact that the data obtained fell so near the plateau of the 
incorporation curve. The situation is not improved by the lack of knowledge 
concerning the total protein in the circulation. The same lack of essential 
data is found in other work of the same general nature (210, 218). It is im- 
portant also to note with respect to this type of data that distinct or at least 
different processes are being measured in many cases—one, a turnover proc- 
ess causing loss of isotope, the other, a net loss of labeled material, e.g., of 
protein into the urine. 

Sterling (209, 219) has used I*-labeled human serum albumin in turn- 
over studies in the human subject. Control experiments, involving a combi- 
nation of isotopic and immunological determinations, showed that the rate 
of disappearance of human albumin from the circulation of rabbits measured 
over a period of 14 days was the same by either method, indicating that the 
metabolism of the protein was not altered by trace iodination (see also 220, 
221, 222). In the normal human subject the disappearance of the protein 
proceeded as already described for biologically labeled protein in dogs and 
rats, but with a metabolic half-life in 21 male subjects of 10.5 days. When 
total exchangeable albumin in the subjects was calculated from dilution data 
the average rate of synthesis amounted to 0.233 gm./kg./day. In six sub- 
jects the extravascular albumin was 55 per cent of the total. Patients with 
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Laennec’s cirrhosis had impaired synthesis (average 0.183 gm./kg./day). 

Neuberger and co-workers (223) have also studied the turnover of a spe- 
cific protein collagen, using labeled glycine. Experiments were carried out 
with rats of different ages, and, when corrected for the growth of the animals 
in the different age groups, it was found that the changes in specific activity 
of the muscle and liver proteins with time were the same in all groups, indi- 
cating half-lives of 24 to 30 days for muscle protein and 4 to 5 days for liver 
protein. Data for the tendon collagen showed that this protein undergoes 
little turnover in the old animal. In younger animals labeling either increased 
or decreased depending on the age groups. These findings show that a large 
fraction of the total protein in animals is metabolically inert, and are in ac- 
cord with those obtained by Dziewiatkowski (224) using sulfate-S*. 

Bidinost (225) has compared the uptake of label by the muscle protein, 
and of several fractions of the same, with the uptake by the proteins of the 
internal organs and the liver in rats by feeding labeled glycine and in ex- 
periments with D enrichment. Although measurements were made after 
only one time interval, there was always relatively greater incorporation into 
the internal organ and liver protein than into muscle protein. Moreover, 
muscle protein fractions showed uptakes which differed in some cases by a 
factor of two. 

Levine & Tarver (226) endeavored to show that the foreign amino acid, 
ethionine, is utilized by rats to synthesize protein by feeding ethionine-C*- 
ethyl and determining the amount of ethyl, as ethionine, in the proteins of 
animals sacrificed at intervals. Although evidence was presented to show 
uptake and release by the proteins in a fashion not too dissimilar from a 
natural a-amino acid, such experiments as these may be criticized because 
it is difficult to rule out adsorption and exchange phenomena as complicat- 
ing factors. However, the results suggest that protein synthesis may not oc- 
cur in an absolutely specific fashion and this speculation is worthy of con- 
sideration. In this connection it should be mentioned that Borsook and co- 
workers (200) found no incorporation of a-aminoadipic acid into mouse pro- 
tein after feeding the L-form of this amino acid, which may or may not be 
foreign to the animal with respect to protein synthesis (227). 

Protein synthests in vitro without isotopes—Hokin (228), using enzymatic 
methods, has studied the synthesis of amylase in slices from the pancreatic 
gland of pigeons previously fed carbamyl choline to deplete the preformed 
enzyme. It was observed that the enzyme increased in both the slices and 
the medium, particularly after supplementation with a casein hydrolysate. 
The amount of enzyme formed per unit time increased up to 180 min. of in- 
cubation when oxygen was present, and amounted to approximately 5 yg. 
amylase/mg. dry weight/hr. Anaerobically there was no synthesis of the 
amylase; furthermore, the synthesis was inhibited by cyanide, dinitrophenol, 
and iodoacetate. The results are compatible with those of Peters & Anfinsen 
(196), previously mentioned. 

It has also been shown by Ranney & London (229) that it is possible to 
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obtain in vitro the formation of antibody in the liver and spleen but not in 
the kidney tissue of animals actively synthesizing immune bodies. Further- 
more, the data show that the antibody formed incorporates glycine-1-C*. 
Hence it would appear that there is more to antibody formation than refold- 
ing of preformed -globulins. The evidence presented indicates that labeled 
amino acids are incorporated into newly formed protein and adds consider- 
able support to the supposition that what is measured in studies with labeled 
amino acids actually represents protein synthesis and is not simply some 
adsorption or exchange-equilibrium phenomenon. However, the possibility 
that certain amino acids in specific loci in proteins are more labile and un- 
dergo exchange has so far not been excluded but is indeed indicated by the 
results of Borsook and co-workers (230) with lysine in homogenates. 

Theories regarding protein synthesis—The question whether all amino 
acids in a given protein are incorporated at the same rate (template theory) 
has been approached experimentally by Anfinsen & Steinberg (231) in studies 
on the synthesis in vitro of ovalbumin in minced oviduct tissue. The aspartic 
acid residues of the ovalbumin became labeled as a result of the synthesis 
of this dicarboxylic acid from bicarbonate-C* added to the medium, but, 
when the ovalbumin was separated into plakalbumin plus hexapeptide by 
an enzymatic method, it was found that the specific activity of the aspartic 
acid in the two fractions was not the same. Hence, either the rates of synthe- 
sis of the different parts were different or there was more total preformed 
plakalbumin (or its precursors) in the system prior to the initiation of as- 
partate-C* incorporation, since the specific activity in this fraction was al- 
ways the lower of the two, or else exchange into the peptide occurred. There- 
fore, it is impossible from these results to decide whether protein synthesis 
proceeds via a template mechanism or a peptide mechanism. 

Rothschild & Junqueira (232) attempted to relate protein synthesis to 
the catheptic activity of tissues by comparing uptake values of various 
labeled amino acids, as reported in the literature, with catheptic activity at 
pH 3.5. It is hardly safe to come to any conclusions on the basis of measure- 
ments with cathepsin at pH 3.5, i.e., at a pH so far removed from the physio- 
logical range in cells, when there are so many other types of cathepsins in 
tissues. 

Rates of protein synthesis from urinary data.—Following the work of 
Schoenheimer and his colleagues the mechanistic theory of protein metabo- 
lism, developed by Folin from the results of the analytical determination of 
nitrogenous constituents of the urine, fell into disrepute; but more recently 
it has been concluded by various workers that it is possible to arrive at valid 
interpretations of metabolic phenomena within animals by increasing the 
complexity of the system, and hence of its interpretation, by introducing N- 
labeled compounds (XN*) and observing urinary N*/N™ relationships. The 
validity of this conclusion is open to serious question. 

The theoretical approach to this problem which has been employed by 
various workers (233 to 236) rests on the following conceptions and assump- 
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tions. There results, from feeding XN*, a rapid distribution of the N* into 
a general and homogeneous pool of labeled amino acids. From this pool the 
N* is removed by anabolic processes into a homogeneous protein pool, and 
by catabolic processes into a homogenous pool of catabolite. Then as the pro- 
tein turnover proceeds the isotope is slowly removed from this pool into the 
amino acid pool and thence into the catabolite pool and the urine. The up- 
take of isotope by the protein and the removal of the isotope from the three 
pools proceeds at rates governed by monomolecular reaction kinetics. The 
assumptions made with respect to homogeneity of pools are not warranted 
by the facts. The heterogeneity of the composition of the amino acid pool 
between various tissues is well known, and this has recently been empha- 
sized by the work of Gray & Neuberger (237). Its heterogeneity with respect 
to rates of N* exchange between different amino acids is also known from 
earlier work with N*. The heterogeneity of the protein pool has been shown 
clearly by Neuberger and co-workers (223) in studies on collagen turnover, 
by Bidinost (225) working with muscle and other proteins, and by Addis, 
Kosterlitz, and others who have dealt with the labile proteins of the internal 
organs. The heterogeneity of the catabolic pool is evident; but, because urea 
is preponderant, it may be treated as a homogeneous system, without serious 
error. However, there is a further theoretical difficulty if urea is broken down 
to ammonia in the organism as indicated by the work of Leifer, Roth & 
Hempelmann (238). 

On the basis of these assumptions, figures may be obtained purporting to 
represent pool sizes, rates of amino acid catabolism, and protein turnover. 
However, if animals of different species or of the same species under changed 
conditions show differences in the calculated protein turnover rates this must 
be taken to mean a modification of the turnover rate of a homogenous mass 
of protein. It is impossible to interpret the change as being due to a shift in 
the relative amounts of different proteins which possess different turnover 
rates. Since the original assumptions involve homogeneity, no interpretation 
can be made on a basis of heterogeneity. On this account, the calculations of 
Sprinson & Rittenberg (233), concerning pool size and turnover in animals 
on diets of different protein content, together with those of Hoberman (234, 
235) made on animals with hormonal imbalance and fasted, and those of Wu 
& Snyderman (239) on infants, are hardly applicable to real systems, be- 
cause in these conditions the relationships between stable and labile proteins 
are different. The biological system is obviously most heterogeneous and the 
excretion data can only be interpreted in a satisfactory manner when di- 
rectly coupled with data relative to variations in the internal environment 
of the animals used. 

Hoberman (234) treats the metabolism of body protein and its conver- 
sion to urinary catabolites in complete starvation as a monomolecular reac- 
tion, and arrives at the conclusion that 47 per cent of the total body pro- 
tein of the normal rat is susceptible to (ready) breakdown. It is of interest 
to compare this treatment with the older one of Martin & Robinson (240) 
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who demonstrated from urinary excretion data, without the benefit of iso- 
topes, that breakdown of the labile fraction of the body protein in protein 
starvation proceeds according to monomolecular reaction kinetics. 

In studies similar to those just considered White & Parson (241) showed 
that the rate of loss of N* depends on the nature of the X N* fed. With yeast 
(protein)-N* the rate of loss of N* into the urine of human subjects was less 
than when glycine-N* was fed. The differences may have resulted, as the au- 
thors suggest, from the slower appearance of the N* in the amino acid pool. 
Alternatively, it may have been because, in the yeast protein, part of the N* 
was bound much more firmly, in the metabolic sense, than it is in glycine. 


I am grateful to my colleagues Professors Greenberg and Allen for their 
critical comments on the typescript. 
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FAT-SOLUBLE VITAMINS! 


By ARTHUR R. KEMMERER 
Department of Nutrition, College of Agriculture, University of Arizona, 
Tucson, Arizona 


VITAMIN A 


Chemistry.—Euler & Karrer (36) have extended their work on carotene 
oxides showing that the $-carotene-di-epoxide is 70 per cent as active 
biologically as B-carotene and that luteochrome is 20 per cent as active. 
These carotene oxides are regular components of green leaves [Karrer & 
Krause-Voith (54)]. Porter & Murphey (89) reported the presence of 6- 
carotene in tomatoes and suggested that it contains an isoprenoid structure 
with 40 carbon atoms per molecule, one isopropylidene group, 10 conjugated 
double bonds, and a ring structure at one end of the molecule. It does not 
have vitamin A activity. 

Various oxidation products of vitamin A have been found to exist in 
the blood and organs of animals and man [Troitskii (101)]. The epoxide 
can be formed by exposing vitamin A to air for a period of 20 to 40 days. 
Further exposure results in the formation of chromogen 570 which gives a 
red color with SbCl;. Another oxidation product of vitamin A, substance 
Z’, which has an antivitamin A property and is toxic for rats, has been 
reported by Meunier eft al. (77). It is a mixture of Z,; and Z». Z,; has been 
identified as a hydrate of vitamin A aldehyde and Z, as an isomeric aldehyde 
produced by migration of HOH to the interior of the molecule. It is suggested 
that substance Z, corresponds to retinene with two hydroxyl groups present 
near the center of the side chain. 

Goodwin (40) postulates that animals can utilize a dehydrobionone 
residue. This idea is based on his findings that vitamin A, is biologically 
active per se and on the earlier work of Karrer and associates (53) on the 
biological activity of 5:6 epoxides and vitamin A precursors. 

Karrer & Eugster (55) have reported the synthesis of ¢e-carotene with a 
double bond in the alpha position. The melting point of this carotene was 
190°C., with absorption maxima in carbon disulfide at 501 my. Its affinity 
for adsorbents was lower than a-carotene. Through synthesis of this carotene, 
all-itrans-a-carotene was also obtained in low yield. Milas et al. (78) in 
confirmation of Karrer et al. (55) announced the synthesis of @-carotene 
by way of the Grignard reaction. The synthesis of the methyl-ether oxide 
of vitamin A and trans-4-carboxy vitamin A acid have been reported [Golse 
& Gavarret (39); Petrow & Stephenson (86)]. The latter compound has 
slight vitamin A activity. 

Stereoisomerization—Work of interest has been reported on the stereo- 


1 The survey of the literature pertaining to this review was concluded in October, 
1951. 
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isomerization of the carotenes. Pro-y-carotene is a naturally occurring 
poly-cis-isomer which has been reported to have 41 per cent of the vitamin 
A activity of B-carotene [Zechmeister et al. (111)]. All trans-y-carotene ob- 
tained by iodine catalysis of the pro-y-carotene was found to have 42 per 
cent of the vitamin A activity of 8-carotene. This result is contradictory 
to most findings on the activity of cis-carotenoids which almost always have 
lower potencies than the all-trans forms. Deuel et al. (28) reported the occur- 
rence of neocryptoxanthin U which was probably a mono-cis-isomer. For 
the rat, this neocrypotoxanthin had 20 per cent of the biological activity of 
all-trans-B-carotene and 45 per cent of the activity of naturally occurring 
all-trans-cryptoxanthin. Neovitamin A-acetate was found by Harris et al. 
(48) to have a biological activity of 85 per cent of that of all-trans-vitamin A. 

Deuel et al. (27) reported that stereoisomerization of pro-y-carotene 
and pro-lycopene took place in vivo in the chicken. In their experiments, 
about 80 per cent of the pro-y-carotene was destroyed in the intestinal 
tract and the remainder was found in the feces. Of this remainder, approxi- 
mately 21 per cent had been changed to all-trans-y-carotene. This work 
confirmed the earlier work of Kemmerer & Fraps (59) who found that neo-f- 
carotene U was partially transformed into all-trans-8-carotene in the 
intestine of the rat, and claimed that the biological activity of neo-8-caro- 
tene U was due to the ability of the rat to transform the neo-8-carotene U 
into an active form. It is the opinion of this reviewer that the reported 
findings of biological activity of the cis-neoisomers of carotenes must be 
viewed with caution, since it is possible that at least part of the biological 
activity of these may be attributed to in vivo transformation. 

Methodology.—A notable advance in the methodology of carotenes was 
the application by Bickoff e¢ al. (5) of the liquid chromatographic technique 
to the estimation of 8-carotene and its stereoisomers. A mixture of carotenes 
dissolved in light petroleum ether was poured on a column of hydrated 
lime. The bands of stereoisomers were developed by washing with 1.5 per 
cent p-cresyl-methyl ether in light petroleum ether. Neo-8-carotene B 
passed through the column first, followed by the all-trans-B-carotene. The 
column was washed with petroleum ether containing 15 per cent acetone 
to remove the neo-$-carotene U. By this procedure, Bickoff & Thompson 
(6) found that about 85 per cent of the 8-carotene in fresh alfalfa was all- 
trans-8-carotene, but in dried alfalfa 50 per cent of the B-carotene was in 
the form of neo-8-carotene B and neo-8-carotene U. Interestingly, the paper 
chromatographic technique has been used to identify carotene and annato 
in the presence of dimethylamino benzene [Diemair & Janecke (30)]. 

A unique innovation in methodology of vitamin A was the introduction 
by Datta (25) of filter paper impregnated with aluminum sulphate for sepa- 
ration of vitamin A. This type of paper partition chromatography was 
suitable for use with simple organic solvents and was applied to the separa- 
tion of vitamin A alcohol, esters of vitamin A, retinene, and Carr-Price 
chromogens. 
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The discrepancy found in the determination of vitamin A in whale 
oil obtained with ultraviolet absorption was found to be due to the presence 
of kitol which could be separated by flowing chromatography [Swain (97)]. 

Distribution—Work on distribution of carotene in various materials 
continued. The carotene content of hays and grasses was affected more by 
harvesting than by other factors [Eaton et al. (31); Galgan et al. (38); Hibbs 
& Evans (50); Waite & Sastry (107)]. Studies were carried out on the distri- 
bution of the carotenoid pigments of the mango. As much as 1.2 mg. of 
8-carotene were synthesized in 24 hrs. by this fruit. In the ripe mango the 
concentration of neo-8-carotene B was about one-sixth and neo-8-carotene 
U about one-eighth that of all-trans-8-carotene [Sadana & Ahmad (92); 
Chaudhary (21)]. 

Extensive studies on factors influencing carotenoids in carrots were 
carried out by Booth & Dark (10). Locality, variety, and stage of growth 
seemed to be the main factors that affected concentration of carotenoids. 
According to Brown (11) the carotene content of carrots tended to increase, 
on dry weight basis, during storage of 20 weeks and then remained constant. 

Several reports on tomatoes have been listed. The concentration of 
pigments seemed to vary considerably in different species. In general, for 
each microgram of neolycopene, 3 to 4 ug. of all-trans-lycopene were found 
[Denisen (26)]. About 15 to 25 per cent of the 6-carotene was neo-8-carotene 
B [Bahl (2)]. Lincoln & Porter (67) postulated that a single gene, incom- 
pletely epistatic to R (red flesh color) is responsible for the inheritance of 
8-carotene. This gene is designated as B and considered to act on lycopene 
to form B-carotene. 

According to Goodwin (41), carotenes are rarely found in fish and 
xanthophils are restricted. Main storage depots are the skin, the muscle, 
and the ovaries. Speculation was made by Goodwin (41) that the major 
function of carotenoids in fish is photoresponses for the characteristic pig- 
ment of yellow and red. Volker (104) reported that the fire-red carotenoid 
pigment, astaxanthin, found in the feathers of Laniarius atroccoccineus, a 
southwestern bird, must be synthesized by the bird since none could be 
found in the food that it ate. 

In milk, according to Chanda et al. (20), most of the vitamin A activity is 
present as vitamin A itself. Only 7 to 15 per cent is present as a- and B- 
carotene. Eight per cent of the vitamin A per se is in the form of the alcohol. 

The distribution of vitamin A between the liver and kidneys of rats 
received attention by Eden & Moore (34) who found that rats which 
received 20 I.U. vitamin A acetate daily stored more vitamin A in the kid- 
neys than in the liver. On the other hand, rats which received 2,000 I.U. 
of vitamin A stored more in the liver than in the kidneys. This work con- 
firmed the earlier observations of Johnson & Baumann (52). Irradiation 
with x-rays was reported to decrease the content of vitamin A in the liver 
and to increase the amount of vitamin A in the carcass [Bennett et al. (4)], 
and according to Moore et al. (80) the liver of castrated rats contained a 
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significantly higher amount of vitamin A than did the liver of castrated rats 
which received estradiol. 

Stability.—Interesting observations on the stability of carotene have 
been reported. Bickoff (7) found that a number of phenolic antioxidants 
greatly reduced the destruction of carotene in mineral oil. Alkylation of the 
phenolic compounds in general enhanced this activity. For instance, excellent 
stabilizing effect was obtained with 2,4-dimethyl-6-butylphenol, 3-lauryl- 
catechol, a-tocopherol, ethyl gallate, 1,5-dihydroxynaphthalene, and N-sec- 
butyl-p-aminophenol. Thompson (100) has reported that carotene in de- 
hydrated alfalfa meal was stabilized by the addition of antioxidants. The 
antioxidant was dissolved in ethylene glycol monoethyl ether and applied 
in the form of a spray to dehydrated meal in a rotating drum. Fifty-four 
compounds were tested as antioxidants. Disubstituted hydroquinone in the 
2,5-positions, p-substituted phenylenediamines and derivatives of 2,2,4- 
trimethyl-1,2-dihydroquinoline were the most active compounds. A syner- 
gistic effect of certain combinations was observed, and crude cottonseed 
oil and acetone proved to be the best solvents. 

Mitchell & Silker (79) found that natural products like cottonseed 
meal or soybean meal increased the stability of carotene in alfalfa. Carotene 
in dehydrated carrots was reported to be stabilized four- to sixfold by a coat- 
ing of cornstarch sprayed on the hot blanched dice before drying [Masure 
et al. (74)]. In studies of factors affecting loss of carotene in alfalfa during 
harvesting, Griffith & Thompson (45) have observed that only 7 to 8 per 
cent was caused by sunlight and 27 to 28 per cent by enzymes. In the stems 
the sunlight caused about 5 per cent loss and enzymes 70 per cent. Thompson 
and co-workers (99) showed that increased temperature during storage 
promoted the formation of cis-isomers in alfalfa while irradiation with 
visible light decreased the amount of cis-isomers. Irradiation of alfalfa 
meal produced up to 10 per cent increase in the vitamin A activity. 

According to Kendall e¢ al. (60), natural feedstuffs high in carotene may 
contain oxidases which destroy the carotene when the feedstuff is ingested. 
New Zealand white rabbits fed soybean hay developed a partial reproduction 
failure characterized by decreased litter sizes, stillborns, frequent vascular 
breakdowns, numerous partial fetal resorptions, and some partial paralysis. 
Symptoms very similar to vitamin A deficiency were encountered. Further 
work along these lines might be rewarding in that several unpublished obser- 
vations have indicated that range cattle on green pasture sometimes develop 
symptoms resembling vitamin A deficiency. 

Biological activity—tIn two papers, Burns et al. (13, 14) reported that 
vitamin E had a significant effect upon the relative biological activities of 
vitamin A and f-carotene. When 1 mg. vitamin E was administered daily 
to rats which were vitamin A deficient, 1 wg. vitamin A and 1 yg. B-carotene 
gave the same growth response. When 0.5 or 2 mg. vitamin E were given 
daily, 1 wg. B-carotene gave considerably less growth response than did 
1 wg. vitamin A. Also, when 0.6 ug., vitamin A and 0.6 ug. B-carotene were 
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administered with 1 mg. vitamin E, equal growth response was obtained. 
These two papers give support to a previous report by Koehn (61) that 
vitamin A and #-carotene were equally active as far as growth response 
was concerned. However, this work must still be viewed with caution in 
light of the large amount of careful cooperative work done under the auspices 
of the League of Nations (109) which found 8-carotene to have one-half 
the activity of vitamin A. 

Lard factor—Kaunitz & Slanetz (56, 57) studied further the so-called 
“lard factor.”’ Lard was distilled under vacuum, and a fraction amounting 
to 7 per cent of the original material was collected. The response of vitamin 
A-deficient rats to the distillate was much greater than could be attributed 
to the amount of vitamin A found by chemical and spectroscopic tests. 
In several experiments in which the distillate was introduced as 2 per cent 
of the diet, or injected at the rate of 0.3 ml. twice weekly, it gave better 
growth and survival rates than weekly doses of 1.25 to 7.5 I.U. of synthetic 
vitamin A palmitate, injected in an aqueous suspension stabilized with 
Tween 40. The authors concluded that lard contained a factor which had 
vitamin A-like activity which was chemically different from the known forms 
of vitamin A. In a second report (56) the same authors found that the disease 
occurring in rats maintained on a purified, vitamin A-free diet containing 
10 per cent of rancid lard was prevented by weekly doses of 500 to 3,000 
units of vitamin A given as the palmitate ester or by the addition of the 
lard distillate. The ‘‘lard factor’’ was found to be more resistant to the action 
of rancid lard than vitamin A palmitate or 8-carotene. Le Gallic and co- 
workers (63, 64, 65) found also that the inclusion of lard in a vitamin A-free 
diet produced growth in rats and brought them to adulthood so that they 
could successfully rear litters of normal young. The activity of lard in 
restoring growth in mice deprived of vitamin A was not prevented by the 
addition of succinylsulfathiazole to the diet. Also lard, when fed with 
unsalted, fresh cedfish muscle, caused the muscle to give vitamin A-like 
response to rats or mice receiving a vitamin A-deficient diet. Xerophthalmia 
was cured, but growth was not affected. Grangaud et al. (43, 44) found 
factors in crustacean oil that did not have characteristic chemical and 
physical tests for vitamin A, but were biologically active when fed to rats. 
It is apparent from this work that factors in fats, other than vitamin A, 
may play an important part in the biological response of animals to vita- 
min A. 

Absorption.—Further studies on aqueous emulsions of vitamin A showed 
that this method of administration was highly successful. The level of 
vitamin A in: the milk of human mothers rose much more rapidly when 
the vitamin was given in an aqueous rather than an oily media [Sobel 
et al. (95)]. According to Volk & Popper (103) and Sobel & Rosenberg (96), 
absorption from aqueous solution by the rat was about three to four times 
greater than absorption from oily menstruum. Morales et al. (81) and Lewis 
et al. (66) noted that vitamin A was more efficiently absorbed from emulsified 
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solutions containing fat particles of 1 to 2 win diameter than from solutions 
containing larger fat particles. 

Masi (71) found that children absorbed vitamin A more rapidly from 
alcoholic solution than from oil, but the amount absorbed was not signifi- 
cantly different. The latter also reported that oily solutions of vitamin A 
were not absorbed by children when administered by intramuscular injec- 
tion; however, guinea pigs absorbed vitamin A from intramuscular injections 
to some extent but not nearly as rapidly as from solutions given orally. 
In lambs, Bolin e¢ al. (9) found better absorption of intramuscular or intra- 
venous injections of water-miscible vitamin A than of orally-administered 
vitamin A. 

Week & Sevigne (108) reported that ethyl laurate contained factors 
which inhibited the absorption of vitamin A alcohol and esters by the 
rat. Vitamin A esters were not as efficiently absorbed from mineral oil as 
they were from corn oil, in contrast to vitamin A alcohol which was absorbed 
with equal efficiency from either mineral oil or corn oil. They also reported 
that the natural ester of vitamin A was more efficiently absorbed at low 
dosage levels than at high dosage levels. Varying the quantity of corn oil 
diluent in the supplement did not affect the absorption of vitamin A alcohol, 
but did affect significantly the utilization of vitamin A esters, irrespective 
of fat content of the diet. Varying the fat content of the diet did not affect 
significantly the utilization of vitamin A acetate and vitamin A esters, 
irrespective of the quantity of diluent. The authors attributed inferior 
utilization of vitamin A to three factors: (a) im vivo destruction of vitamin 
A, (b) lowered absorption per se, and (c) nonhydrolysis of vitamin A ester. 

Deuel et al. (29) reported that vitamin A derived from an oil solution 
of distilled vitamin A esters or from a blend of food-fish liver oils promoted 
a growth response of the same order of magnitude when fed to vitamin A- 
depleted rats in either cottonseed oil or margarine. Carotene, when adminis 
tered in margarine, was absorbed 30 per cent better than when fed in limpid 
cottonseed oil. The fact that carotene responded to the factors in margarine 
which promote greater physiological availability, whereas the preformed 
vitamin A did not respond, was attributed to the greater sensitivity of caro- 
tene to the effect of environmental factors capable of augmenting the vitamin 
A response. Adlersberg et al. (1) reported better absorption of carotene from 
butter than from cottonseed oil by humans. 

Thayer et al. (98) found that chicks utilized vitamin A unit for unit 
more efficiently from oily solution than carotene from alfalfa. It is interesting 
in this work that alfalfa seemed to have a depressing effect on the utilization 
of vitamin A. Parrish et al. (84) reported that the absorption of vitamin A 
alcohol and vitamin A esters by the cow was not affected significantly by 
tocopherol. High & Day (51) found that small amounts of lutein increased 
liver and kidney storage of vitamin A by rats, but that large amounts 
decreased storage. Also, large amounts of squaline, phytol, and a-tocopheryl 
acetate decreased the storage of vitamin A. In depleted rats, absorption of 
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carotene was apparently more rapid when the carotene was mixed with the 
rations than when given separately in oil solutions [Randoin e¢ al. (90)]. 

Morgan & White (82) reported that vitamin A-depleted rats retained 
28 to 57 per cent more vitamin A in their livers when thyroid was ad- 
ministered. They found also that pregnancy had the same effect. In pregnant 
rats given vitamin A, the effect of thyroid did not seem to be significant. 
Chanda et al. (19) found that thyroxine reduced fecal excretion of carotene 
and that thiouracil increased carotene excretion. However, the increase or 
decrease lasted only a short time. An interesting report was made by 
Haubold (49) that a recent wave of goiter among children in the mountainous 
parts of Germany might have been caused by a deficiency of carotene. 
Support for the view was found in a survey of goiter in two neighboring 
mountain villages. In one village, where the sources of vitamin A were 
abundant, incidence of goiter was low; in the other village, where the sources 
of vitamin A were scarce, the incidence of goiter was about doubled. It was 
held that while a deficiency of iodine caused enlargement of the thyroid 
gland, deficiency of carotene caused hyperthyroidism. The observation 
that colloidal carotene incubated with iodinated casein or thyroid protein 
was converted to vitamin A has been disproved by the experiments of 
Cama & Goodwin (17) and McGillivray (76). The presence of a cis absorp- 
tion peak in isomerized 6-carotene at about the position of that for vitamin 
A probably misled the previous workers. 

Site of conversion of carotene to vitamin A.—Some evidence has been 
presented that there may be some conversion of carotene into vitamin A in 
the animal body in sites other than the intestine, which is undoubtedly the 
major site. Bieri & Sandman (8) found that carotene solubilized in water 
with Tween 40 supported growth in vitamin A-deficient rats when an intra- 
muscular injection of as little as 1.6 mg. was made daily. For maximum 
growth approximately 4 to 5 times as much was required intramuscularly 
as orally. Carotene dissolved in cottonseed oil and administered intramuscu- 
larly was not utilized. Eaton et al. (32) found that both intravenous and 
oral administration of carotene resulted in significantly higher levels of 
vitamin A in the blood plasma of dairy calves previously depleted of their 
vitamin A stores. Kowalewski & Henrotin (62) injected B-carotene emulsified 
in isotonic glucose into the portal vein of dogs whose livers were exposed by 
laparotomy and found that carotene and vitamin A were invariably increased 
in the liver and in the blood taken from peripheral and hepatic veins. 

Deficiency—Mayer & Goddard (75) have obtained evidence to show 
that androgens can be produced by the testes of vitamin A-deficient rats 
when gonadotropic hormone was administered. Lindley et al. (68) found 
that the testicles of vitamin A-deficient rams were undersized and the 
initial mobility of the spermatozoa reduced, and that these defects could 
not be corrected by administration of testosterone. From the evidence in 
these two papers, it is likely that the effect of vitamin A deficiency on the 
gonads lies in its primary effect on the pituitary. 
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More evidence has been presented to show that vitamin A is necessary 
for normal production of certain tissues. Vitamin A concentrates corrected 
keratinization in the vaginal smear of a four-month-old infant [Brugsch 
(12)]. Platt (87) reported that vitamin A deficiency may be a cause of exces- 
sive postmenopausal cornification of the vaginal epithelium. Sabella et al. 
(91) noted that vitamin A in sesame oil applied topically to the skin pro- 
duced an increase in thickensss of the skin to about twice the normal 
thickness. Porter & Haber (88) reported successful treatment of hyper- 
keratotic nodules on the palms by oral administration of large amounts of 
vitamin A. Hamrie (47) noted that administration of vitamin A to young 
rats on a vitamin A-deficient diet corrected jaundice. Dainow (24) found 
marked improvement in the blood picture of humans suffering from anemia 
by repeated intramuscular injection of vitamin A. 

Shaw (94) has reported studies on the effects produced in the offspring 
when pregnant cows were fed vitamin A-deficient diets. Deficiency of vita- 
min A was indicated in most calves by eye abnormalities and incoordination 
or paralysis. The vitamin A deficiency, even when combined with partial 
starvation, did not produce ketosis or abnormal blood sugar level in the 
cows. Eaton et al. (33) compared calves on vitamin A-deficient diets with 
calves on normal diets. Live weight was not affected. Blood carotene of the 
vitamin A-deficient group decreased relatively rapidly early in the experi- 
mental period, with a marked decline in the rate of decrease during the 
middle and the end of the experimental period. Plasma vitamin A values 
of the same group decreased in a uniform manner; spinal fluid pressure was 
elevated; exophthalmos, muscular incoordination, diarrhea, and convulsions 
were noted. Lundquist et al. (70) reported that vaccination of heifer calves 
with Brucella abortus vaccine apparently lowered the amount of vitamin A 
in the blood. It did not return to normal for about seven days. 

Shaw et al. (93) reported that raw soybeans have a pronounced effect 
upon the metabolism of carotene and vitamin A in the dairy calf. Raw 
soybean meal at about 30 per cent of the diet lowered the vitamin A content 
of the liver from approximately 9 yg. per liver to less than 3 ug. The vitamin 
A content of the blood was lowered from approximately 9.6 ug. of vitamin A 
per 100 ml. to 5.5 per 100 ml. These authors suggested that if carotene and 
vitamin A are fed to dairy calves at marginal levels, large amounts of raw 
soybean meal in the diet might result in vitamin A deficiency. 

Vitamin A deficiency produced a significant decrease in antibody 
level of the blood of rats, according to Ludovici & Axelrod (69). Balakhovskii 
et al. (3) found that solutions of crystalline vitamin A or carotene possess 
antihistamine activity. Ershoff & Greenberg (35) have extended the studies 
on vitamin A deficiency and exposure to cold. Apparently rats which 
had been vitamin A deficient and then cured by an adequate intake of 
vitamin A had low resistance to cold throughout life. This work assumes 
special interest when viewed with the earlier findings of Keener et al. (58) 


that the vitamin A requirement of cattle was influenced by the environ- 
mental temperature. 
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Visual cycle—Wald & Hubbard (106) reported that intact retinas or ret- 
inal homogenates, incubated in the dark, with vitamin A synthesized about 
10 per cent as much rhodopsin from the vitamin A as is formed normally 
during dark adaptation in vivo. The addition of cozymase toa retinal homog- 
enate or the addition of a homogenate, made up of the pigment layers, pig- 
ment epithelium, and choroid of the eye, approximately doubled the yield 
of rhodopsin. When both cozymase and pigment layer homogenate were 
added to a retinal homogenate, the yield was doubled again, i.e. approxi- 
mately 40 per cent. The mechanism of the synthesis is not yet wholly under- 
stood by the authors, but they postulate that retinal homogenates can 
oxidize vitamin A slowly to retinene in the presence of an aldehyde-binding 
reagent such as hydroxylamine. In the retina, rhodopsin-protein is a specific 
retinene-binding reagent, condensing with retinene spontaneously to form 
rhodopsin. One pathway for rhodopsin synthesis therefore is the oxidation 
of vitamin A to retinene by retinene reductase, coupled with a binding of 
retinene by rhodopsin-protein to form rhodopsin. Cozymase promotes this 
process as the coenzyme of the retinene reductase system. Pigment layers 
homogenate may act upon the same system by supplying respiratory factors 
which drive it in the oxidative direction. 

Collins et al. (22, 23) studied further the effect of oxygen upon the 
regeneration cycle. They confirmed that in excised frog eyes, with cornea, 
lens, and vitreous humor removed, regeneration could be obtained. Cyanide, 
azide, arsenate, malonate, and 2,4-dinitrophenol inhibited the regeneration 
in excised eyes to a greater or lesser extent. When the mixture was aerated, 
the amount of regeneration varied from 19 to 54 per cent; but with the 
addition of a solution of vitamin A in an aqueous detergent, the amount of 
regeneration rose to 70 per cent. Under these conditions, the medium con- 
taining everything except adenosinetriphosphate produced only 58 per 
cent as much rhodopsin as the complete medium. Blowing nitrogen through 
the complete mixture produced 71 per cent as much rhodopsin as with 
aeration. 

Hypervitaminosis A.—Toxic effects of large doses of vitamin A were 
noted by Masin (72, 73) to lengthen the diestrus phase of the estrus cycle 
in rats, to decrease the number of cornified cells, and to increase the number 
of leucocytes in the smear. Roentgenographic changes in the skeleton of 
infants given toxic doses of vitamin A (75,000 units) daily have been 
reported by Caffey (15, 16); Fried & Grand (37), and Wyatt et al. (110). 

Requirement of farm animals for vitamin A.—From 1943 to 1948, monthly 
estimations of carotene and vitamin A were made on the blood plasma of 
breeding Hereford cows which were kept on a range in southern New 

Mexico. The blood values obtained and the carotene contents of the herbage 
showed that the cows on range in question received enough carotene to 
satisfy their requirements [Watkins & Knox (105)]. 

A survey was made by Parrish et al. (83) on the relative value of vitamin 
A and carotene for supplying vitamin A to gilts during gestation and early 
lactation. The vitamin A concentration in the colostrum and blood serum 
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of the gilts and in the blood serum of the young was one-half to three- 
fourths as high in those fed carotene as in those fed vitamin A. In the livers 
of the newborn, carotene produced only one-fourth as much vitamin A, 
unit for unit fed, as did vitamin A per se. 

Parrish et al. (85) fed white Leghorn hens 1,800, 3,000 and 12,000 I.U. 
vitamin A per pound of feed and determined the amount of vitamin A 
transferred to the embryo of the incubated egg. Embryos from hens receiving 
the highest level of vitamin A assimilated vitamin A exponentially through- 
out the period of incubation; embryos from the intermediate level of vitamin 
A assimilated vitamin A exponentially until the eighteenth and twenty-first 
day; embryos in eggs from hens receiving the lowest levels of vitamin A 
assimilated the vitamin exponentially between the twelfth and eighteenth 
day. 

Van Reen e¢ al. (102) reported that 300 I.U. vitamin A per 100 gm. of 
feed gave nearly as good growth in turkey poults as 500 or 600 I.U., but a 
level of 500 I.U. was necessary to prevent external and internal signs of 
vitamin A deficiency. According to Gurcay et al. (46), black cod-liver oil 
was approximately two times, and vitamin A acetate four times, as efficient 
as carotene in supporting normal growth of turkey poults. However, from 
this same laboratory Castano et al. (18) found that carotene, vitamin 
A acetate, and biack cod-liver oil were equally efficient in supporting growth 
in chicks; but that for liver storage of vitamin A, carotene was the least 
efficient and crystalline vitamin A the most efficient. The amount of vitamin 
required for normal growth was between 500 and 1,000 I.U. Excessive 
vitamin A was found to have a growth-depressing effect. 


VITAMIN D 


Chemistry and methodology.—Infrared absorption measurements, accord- 
ing to Turnbull et al. (41) indicate a trans-configuration at the Coy—Cos 
double bond for calciferol, ergosterol, ergosteryl acetate, stigmasterol, and 
stigmastery] acetate. 

Four chief problems of an accurate chemical estimation of vitamin D 
are: (a) the elimination of large quantities of sterol, particularly cholesterol, 
(b) the elimination of vitamin A, (c) the measure of minute amounts of 
vitamin D, and (d) a sufficiently reproducible and specific reagent. In five 
papers by Green (20 to 24), these problems have been largely eliminated and 
a reportedly simple and satisfactory procedure for the determination of 
vitamin D developed. The unsaponifiable fraction of vitamin D-containing 
oil in petroleum ether was chromatographed on activated Floridin. This 
destroyed tachysterol and vitamin A. The column was washed with carbon 
tetrachloride, the eluate evaporated, and residue allowed to stand in 72 
per cent ethanol. The residue remaining was removed by centrifuging. 
Digitonin was added to the alcoholic solution and the precipitate removed. 
This separated the vitamin D from provitamins and other interfering sterols. 
Finally, the vitamin D in carbon tetrachloride was estimated by titration 
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with iodine trichloride or colometrically with antimony trichloride-acety] 
chloride. Chemical and biological assay for vitamin D; on 21 commercial 
products showed good agreement. The antimony trichloride color test in 
general agreed more closely with the bioassay than the iodine trichloride 
test. The method of separation can be used for complete analysis of an ergos- 
terol irradiated product. 

Other methods involving similar techniques also have been presented. 
Garkina & Bukin (17) used chromatography on bentonite and precipitation 
with digitonin; Fujita (16), chromatography and precipitation with maleic 
anhydride; and Cox (9), chromatography alone. Candela et al. (7, 8) used the 
color produced by the reaction of furfural and vitamin D. With this pro- 
cedure, it is claimed that removal of vitamin A is not necessary. 

In the chick test for vitamin D, Bliss & Kennedy (3) reported that tibia 
and toe ash gave equally good results. Fournier (14) found that, by including® 
titanium oxide in the diet of young rats fed specific dosages of vitamin D, 
there was in the feces of the rats a logarithmic relation between the calcium- 
titanium oxide ratio and the amount of vitamin D in the diet. 

Humans.—Considerable work is still being reported, especially from 
Germany, on rickets in children. For example, Auhagen & Grab (1) pre- 
ferred single doses of vitamin D in alcoholic solution added to milk. Jesserer 
(31) reported better success with oral administration than with intramuscular 
injection. Kramer et al. (32) reported better results with aqueous dispersions 
than with oily menstruum. 

Reports on resistant rickets are wide and varied. Typical examples can 
be taken from the papers of Engleson (10) and Freeman & Dunsky (15). 

Toxic symptoms of vitamin D excess in children were noted by Fanconi 
& De Chastonay (12), Hude & Richmond (30); and in adults by Levy et al. 
(33), Forro & Szadeczky (13), and Ridderbos (37). 

Successful treatment of lupus by massive dosages of vitamin D were 
reported by Ruiter & Groen (38). Also vitamin D seems to exert a favorable 
effect on extrapulmonary tuberculosis [Herrera (28); Gertler (18, 19); Vissian 
(42)). 

Animals.—Nicolaysen (36) reported that the rate of absorption of cal- 
cium from the intestinal tract was definitely greater in rats receiving 
vitamin D than in animals not receiving vitamin D and that the rate was 
more rapid from the upper part than from the lower part of the small intes- 
tine. Harrison & Harrison (26, 27) used Ca* for studies on the effect of 
vitamin D on calcium absorption. This technique showed that all of the 
bone calcium in young rats was rapidly exchangeable with body fluid cal- 
cium and that vitamin D increased the rapidity of exchange. Vitamin D 
also increased the turnover of skeletal calcium. When calcium was adminis- 
tered as calcium chloride, the most rapid rate of absorption occurred within 
2 to 4 hr. after administration and largely from the proximal portion of the 
small intestine. In this part of the intestine the amount absorbed was not 
influenced by vitamin D, but absorption of calcium from the distal one- 
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third of the small intestine and from all of the large intestine was markedly 
increased by vitamin D. Vitamin D apparently influences calcium absorption 
under conditions in which the calcium of the intestinal contents is not in 
good solution. In support of this, Lindquist (34), by use of Ca*, reported 
that excretion of calcium in the feces of rats was decreased by administration 
of vitamin D, with the maximum effects occurring 60 to 70 hr. after ad- 
ministration. 

Hansborough & Nicholas (25) reported that P® injected together with 
vitamin D; into the air chamber of the hen’s egg before incubation was 
incorporated continuously into the embryo, the amount increasing in the 
embryo with age. Migicovsky (35) showed that when Ca* was given orally, 
the total radioactivity was higher in the tibia of nonrachitic chicks than in 
the rachitic chicks; but that when it was injected, the degree of radioactivity 

* was similar in both groups. The results were interpreted to indicate that 
vitamin D did not exert a direct effect on the mineralization of the bone 
but upon absorption of calcium from the intestine. Buckner et al. (6) noted 
that a high level of vitamin D produced an increase in the rate of growth 
of gonads and wattles in cockerels. Stadelman et al. (40) reported that 
hatchability of turkey eggs was improved by addition of vitamin D to the 
rations of the hens and affected the calcification of the bones of the progeny. 

Vitamin D; was reported by Bonfante (4) and Brion et al. (5) to be more 
effective than vitamin D, in preventing rickets in swine. Schettler e¢ al. 
(39) noted that excess vitamin D. caused increased serum calcium and a de- 
cline in creatinine clearance with eventual death in dogs. Hibbs & Pounden 
(29) developed a technique of feeding vitamin D to dairy cattle which 
eliminated the post partum decline of calcium and phosphorus to subnormal 
levels. Basset et al. (2) found that the ratio of calcium to phosphorus was the 
most important consideration in determining the calcium and phosphorus 
requirements of minks and that the level of vitamin D had little effect. 
Ewer (11) reported factors in green oats that inhibited the absorption of 
phosphorus by lambs or guinea pigs and poultry. 


VITAMIN E 


Chemistry.— Recent work by Boyer et al. (4, 5) contributed to the chem- 
istry of vitamin E in showing that well-defined relationships exist between 
the structure of tocopherols and related compounds and their reported 
activity in the rat fertility test. a-Tocopheroxide, an intermediate oxidation 
product of a-tocopherol, was isolated and found to have biological activity. 
From this Boyer et al. (5) proposed that the biological activity was more 
dependent on structure than had been previously believed. According to 
this author, almost all compounds showing vitamin E activity in the rat 
sterility test are substituted chroman derivatives. The requisite substituents 
of the chroman ring are: (a) one or more alkyl groups on the carbocyclic 
ring, (6) a hydroxyl group free or esterified in position five, and (c) a short 
and long side chain in position two. From the structural requirements for 
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vitamin E activity and from the fact that a-tocopheroxide has biological 
activity, Boyer surmised that the biological function of a-tocopherol in- 
volves reversible oxidation and reduction. 

Dam and his group (7, 9, 10, 17) contributed to the clarity of the tocoph- 
erol picture in showing that other antioxidant compounds can partly replace 
tocopherols. Antabuse and methylene blue afforded good protection against 
depigmentation of incisors and coloration of adipose tissues of rats. In 
chicks, methylene blue was found also to improve growth. Marked, but not 
complete, protection against exudative diathesis was obtained by methylene 
blue, thionine, thiodiphenylamine, antabuse, nordihydroguaiaretic acid, and 
ascorbic acid. Methylene blue was also noted to have the same effect as vita- 
min E upon the liver absorption of vitamin A and, similar to vitamin E, af- 
forded a marked protection against hemolysis of erythrocytes in dialuric 
acid solution. 

Tissue metabolism and enzymes.—Bicknell & Oxon (3) reported that 
vitamin E therapy gave no beneficial results in muscular dystrophy. How- 
ever, Kibardin (20) found that this syndrome lowered the vitamin E level 
in the blood of children. Rabinovitz & Boyer (25) reported that heart tissues 
from rabbits made dystrophic by lack of vitamin E showed no decrease in 
ability to carry out oxidative phosphorylation. The latter (26) also noted 
that the inhibition of the succinoxidase system of a rat’s heart by a-to- 
copherol phosphate was found to be due principally to the prevention of the 
interaction of succinic dehydrogenase with cytochrome-c. They claim 
that the influence of a-tocopherol phosphate on enzyme systems may there- 
fore be ascribed to its detergent power as an anion with a large nonpolar 
group. Croxatto & Mois (8), on the basis of im vitro experiments, reported 
that a-tocopherol phosphate inhibited the destruction of hypertensin by 
trypsin or chymotrypsin, and that the degree of inhibition was directly 
proportional to the amount of tocopherol added. Also, the destruction of 
hypertensin by hypertensinase of human serum was inhibited by a-tocoph- 
erol phosphate. 

Further proof of the protective action of vitamin E against hemolysis 
of erythrocytes was provided by Rose & Gyérgy (27). Female rats deficient 
in vitamin E developed hemolysis when they were given alloxan, alloxantin, 
dialuric acid, or ninhydrin by injection or by oral administration. Daily 
doses of mixed tocopherols gave complete protection. From in vitro experi- 
ments, it was postulated that the hemolysis mechanism of dialuric acid and 
alloxan depended on reversible oxidation with the actual hemolyzing agent 
being an intermediate product. Another effect of vitamin E on blood was 

noted by Prosperi & Lottini (24) who reported that vitamin E administered 
to children reduced the prothrombin time. The administration of vitamin E 
to blood in vitro caused acceleration of the clotting. 

The role of vitamin E in liver degeneration and protein metabolism has 
been elucidated further in several papers. Goettsch (14) extended her find- 
ings previously reviewed from a preliminary report. Massive hepatic necrosis 
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appeared rapidly when young rats deprived of vitamin E were fed low 
casein diets. Early lesions of muscular dystrophy often occurred. The inci- 
dence of massive necrosis was not influenced by variations in the lard, choline, 
or inositol content of the diets. The addition of casein, methionine, or cystine 
prevented the massive hepatic necrosis but not the chronic muscular 
dystrophy. a-Tocopherol not only prevented massive hepatic necrosis but 
also chronic muscular dystrophy. However, it failed to prevent a fatty 
infiltration of the liver and the resulting diffuse hepatic fibrosis. The addition 
of 0.3 per cent methionine did not prevent the fatty changes in liver, but 
higher concentrations were presumed to do so. Three-tenths per cent cystine 
aggravated the intensity of the lesions. Dam & Granados (11), in partial 
contrast to the above paper, found that vitamin E-deficient rats did not 
develop massive hepatic necrosis unless the diet contained lard, and that 
the syndrome was greatly accelerated if the diets contained cod-liver oil. 
The diets used in Goettsch’s experiments contained 2 per cent cod-liver oil, 
which probably accounted for the differences in the results in the two 
laboratories. In Dam’s work, it was found that increasing the casein greatly 
reduced the symptoms and that tocopherol acetate and methylene blue 
gave complete protection. It was suggested that the protection was due to 
the antioxidant effect of the tocopherol and methylene blue. The importance 
of tocopherol and the sulphur-containing amino acids in liver function and 
protein metabolism also was shown in two other reports [Sés et al. (29); 
Kemény et al. (19)]. Ames et al. (2) reported that vitamin E afforded protec- 
tion against lowered capillary fragility caused by x-ray irradiation, and 
Allardyce (1) noted that tocopherols are effective in lowering hypertension 
caused by desoxycorticosterone. 

Hormones.—Heinsen (16) studied the relation of tocopherol to the 
function of the pituitary. In clinical cases of both hypo- and hyperfunctional 
states of the pituitary-diencephalic system, the administration of tocopherol 
had regulatory effect in carbohydrate and water metabolism. Frey (13) 
found that vitamin E stimulated general metabolism unless there were a 
pituitary deficiency present. Roy (28) reported evidence that vitamin E 
stimulated the production of the cholesterol-degrading hormone in the 
anterior pituitary. 

Beneficial effects of vitamin E in diabetes were reported. Dietrich (12) 
found that soya bean lecithin and vitamin E together reduced the require- 
ments of patients for insulin; separately they did not exert an effect. Prosperi 
(23) reported that vitamin E increased blood sugar and the glycogen content 
of liver, muscle, and heart muscle in guinea pigs. This author suggests that 
vitamin E is concerned in the synthesis of glycogen. Levens (22) found that 
tocopherols produce a preliminary rise of fat and sugar in the blood of 
women. 

That vitamin E may have a relationship to thyroxin production was 
shown by Braunsteiner & Mlczoch (6) who reported that creatinuria pro- 
duced in rats by thyroxine was reduced by vitamin E. This author suggested 
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that vitamin E may affect peripheral metabolism but has no central effect 
on metabolism. 

Cattle—Large variations of tocopherol in the milk fat of different breeds 
of cows were reported by Krukovsky et al. (21). Guernsey milk was the 
highest and Holstein milk was the lowest. A direct relationship between 
tocopherol and carotenoid content of milk was found, but none was found 
between tocopherol and vitamin A content. The relationship between the 
tocopherol content of milk and the ability of milk to resist oxidative flavor 
was also noted. A high proportion of the samples of milk that contained less 
than 2,500 ug. of tocopherol per 100 gm. of fat were unstable and developed 
oxidative flavors during storage tests. Kachmar et al. (18) also found that a 
low vitamin E intake of dairy cattle was reflected in a deleterious effect 
on the keeping quality of butter fat. 

Poultry —From the work of Zacharias et al. (30) and Goldhaber et af? 
(15), it is apparent that vitamin A is concerned in vitamin E deficiencies. 
The chief symptoms of vitamin E deficiency observed by Zacharias (30) 
were encephalomalacia, exudative diathesis, and gizzard necrosis. These 
deficiencies occurred only when cod-liver oil was a constituent of the diet. 
Tocopherol levels in the blood of chicks were lowered by administration of 
water-miscible vitamin A preparation or crystalline vitamin A. Chicks did 
not develop vitamin E deficiency symptoms when fed a multiple vitamin 
preparation. The protective factor in the multiple vitamin preparations 
was found to be ascorbic acid. Goldhaber et al. (15) reported that xanthophyll 
prevented the appearance of vitamin E deficiency symptoms in chicks raised 
on a vitamin E-deficient diet. The protection afforded by xanthophyll was 
ascribed to its antioxidant activity. Cod-liver oil produced a marked fall in 
the plasma xanthophyll level and caused the appearance of vitamin E- 
deficiency symptoms. It is suggested that some unknown factor, as well as 
vitamin A in cod-liver oil, destroys xanthophyll. 


VITAMIN K 


Dam and co-workers (2) reported an improved method for determination 
of vitamin K in which only one test dose of the material to be tested was 
fed to vitamin K-deficient chicks. After 20 to 22 hr. the clotting time was 
compared with that of chicks treated with a standard oil solution of 
menadione. Pereira Forjaz (5) contributed a spectrophotometric method 
for measurement of menadione in ethyl alcohol. E% at 430 mu. was 0.333. 

Blood coagulation.—Sorbye, Kruse & Dam (7, 8) have continued their 
classical experiments on factors affecting blood coagulation. Dam pointed 
out in this review last year that, in the plasma of dicumerol-poisoned 
chicks and vitamin K-deficient chicks, in addition to a lack of prothrombin 
there were two other factors in common: (a) a factor in dicumerol-poisoned 
plasma, the 6-factor, which was lacking in vitamin K-deficient plasma and 
which, when added to vitamin K-deficient plasma, stimulated blood coagula- 
tion; and (0d) a factor in vitamin K-deficient plasma, the x-factor, which was 
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lacking in dicumerol-poisoned plasma and which, when added to such 
plasma, stimulated blood coagulation. Fresh blood plasma on storage 
restored prothrombic time in vitamin K-deficient or dicumerol-poisoned 
chicks. According to Sorbye and associates (9) this property was probably 
due to inactivation of the 6- and x-factors by two labile entities in normal 
blood which could be partially separated by adsorption on calcium carbonate 
and aluminum oxide. 

Further elucidation of blood coagulation was afforded by the work of 
Quick & Collentine (6). Vitamin K deficiency with consequent decrease 
in prothrombin was produced in the dog by cholecystnephrostomy. Natural 
vitamin K was strikingly more effective than menadione in correcting the 
deficiency. From calculations based on volume of blood, it was assumed that 
vitamin K was not part of the prothrombin molecule but was concerned 
with the mechanism that produced prothrombin. It was suggested that 
vitamin K serves as the prosthetic group which complements the apo 
enzyme, AE, to form the active synthesizing enzyme, AEK. Felix et al. 
(4) found that dicumerol decreased prothrombin and accelerator globulin. 
Vitamin K was effective in returning the prothrombin to normal but not the 
accelerator globulin. 

De Siqueiro (3) reported that salicylates hasten the onset of hypopro- 
thrombinemia in chicks on a vitamin K-deficient diet. However, the effect 
was less than for heparin or dicumerol. According to a report by Tamurello 
(10), antipyrin may have an antivitamin K activity. 


EssENTIAL Fatty AcIps 


Reiser (3) reported that chicks given diets free of fat failed to grow at 
a rate comparable with that of chicks receiving the same diets plus linoleic 
acid. This effect was not due to fat alone, but to polyunsaturated fats, 
because methyl palmitate or bayberry tallow did not stimulate the growth. 
In a second paper Reiser (4) reported that the chick can convert diene 
acids to tetraene and pentaene acids and triene acids to hexaene and other 
polyethenoic acids. A third report by Reiser (5) adds clarity to the essential 
fatty acid mechanism in chicks. Laying hens were placed on basal fat-free 
diets with or without supplements of various polyunsaturated esters or 
fats containing these esters. Polyethenoid fatty acids were determined in 
the neutral fat and phospholipids of subsequent eggs. Hexaenoic acid 
completely disappeared from the neutral fat and phospholipids of eggs 
from hens receiving a fat-free diet. Pentaenoic acid disappeared from the 
neutral fat, but linoleic acid reached a minimum value in both neutral fat 
and phospholipids. The addition of dienoic acid to the ration resulted in an 
increase in dienoic and pentaenoic acids and a possible increase in tetraenoic 
acids. The addition of trienoic acid resulted in increases in all polyunsaturated 
acids having from two to five double bonds. It is probable that the laying 
hen can synthetize small amounts of linoleic acid, but not enough for the 
normal amounts in either its tissues or eggs. It is interesting to note that egg 
productability and hatchability remained normal on the fat-free diet. 

In the rat, Holman (1) found that ethyl esters of linoleic and linolenic 
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acids caused increases in tissue tetraenoic and hexaenoic acids. Also, trans- 
isomers of these acids, which are not active in alleviating fat-deficiency symp- 
toms, were converted into spectrophotometrically detectable but biologically 
inactive forms. Linoleloidate, for example, was converted to both tetraenoate 
and hexaenoate, but to a lesser degree than natural linoleate. Classical 
symptoms of fat deficiency were cured only by ethyl linoleate. 

Menon et al. (2) reported that follicular hyperkeratosis commonly associ- 
ated with vitamin A deficiency was successfully cured with fats containing 
the polyunsaturated fatty acids and attributed the syndrome to a deficiency 
of these acids rather than to a deficiency of vitamin A. 

Schaffer & Holm (6) applied the alkali spectrographic procedure for the 
determination of linoleic and linolenic acids in milk. Summer milk fat 
contained 2.62 to 2.71 per cent linoleic acid and 0.81 to 1.71 per cent linolenic 
acid, and winter milk fat contained 2.11 per cent linoleic acid and 1.29 per 
cent linolenic acid. 


MISCELLANEOUS FAT-SOLUBLE FACTORS 


Antigizzard ulcer factor—Dam et al. (2) reported that the antigizzard 
ulcer factor is composed of two, or possibly three, entities: one fat-soluble 
and one water-soluble. Either one alone provided some protection. Both 
together provided considerably more but not complete protection. 

Vaccenic acid.—Siva-Sankar et al. (5) reported from rat feeding experi- 
ments that vaccenic acid has no growth-promoting properties. Laser (4) 
found that cis-vaccenic acid inhibited the growth of B-subtilis, but trans- 
vaccenic acid had only one-half the effect. 

Unidentified factors——Bosshardt et al. (1) found that the addition of 
succinylsulfathiozole to low-fat diets caused a marked decrease in rate of 
growth of mice. Normal growth resulted when fat, cottonseed meal, or rolled 
oats were added. These authors do not believe that the stimulation is due to 
essential fatty acids but that fat per se is an essential nutrient. Keane et al. 
(3) reported that female rats were unable to rear their young to weaning 
age on diets containing glyceryl trilaurate plus methyl] linoleate. When the 
diet was supplemented with 2.5 per cent wheat germ oil, the young were 
raised successfully. These authors believe that natural fats contain unidenti- 
fied factors, not identical with any of the known vitamins or essential fatty 
acids, which are necessary for the female rat to rear her young. 
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By E. J. Brcwoop? 


Department of Biochemistry and Nutrition of the School of Medicine, 
Brussels University, Belgium 


For many years the science of nutrition has been increasingly dominated 
by the important topic of physiological requirements in nutrients. A tendency 
toward oversimplification of the subject has prevailed. Undue generalization 
of the validity of too simple sets of standards has taken place. This trend 
found its origin in applied nutrition, the objective being to set goals for 
better feeding. It was justified in a way for practical reasons in ‘‘field work”’ 
outside the laboratory, but it has led, in many instances, to false interpre- 
tations, mainly because of the tendency to underestimate individual differ- 
ences. Even with regard to fundamental principles, the concept of require- 
ment may be questioned in a way, on account of the living organism’s 
capacity to adapt itself to widely different external conditions. It is fortunate 
that the science of nutrition is now working its way out of that tendency 
toward oversimplification. Standards can only retain significance when they 
refer to mean values within a population group, in limited conditions, and 
provided their validity is considered to be provisional; this qualification is 
necessary not only because our knowledge is subject to change, but also 
because living beings are constantly in a process of adjustment to varying 
environmental conditions (1). 


Foop INTAKE AND ENERGY EXCHANGE 


Energy requirements and expenditure——The latest attempt, at an inter- 
national level, to deal with the problem of standards of requirements along 
more modern views was made by a Committee on Calorie Requirements, 
of some ten members, of the Food and Agriculture Organization of the 
United Nations (FAO) (2). Its report emphasizes the fact that variability 
is to be recognized and that standard levels are to be taken as mean figures. 
An attempt has been made to figure, in terms of scales, variability as a 
function of (a) age, even among mature subjects, (b) sex, (c) climate, and 
(d) activity. A more realistic term of reference is defined; difficulties in at- 
tempting to codify requirements are stressed; and suggestions regarding the 
need for further research are formulated. It is probably in those parts of the 
world where only little is known so far on food intake that well-controlled 


1 The survey of the literature pertaining to this review was concluded in Septem- 
ber, 1951. 

? Because of lack of space, the writer found himself obliged to exclude several im- 
portant topics, e.g., problems of interest to the nutritionist related to food technology, 
including food conservation and preservation. He regrets also having been compelled 
to refer without comment to many important references. 
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observations are apt to furnish most valuable contributions to the improve- 
ment of our knowledge, particularly with regard to adaptation to different 
levels of nutrient intake. Recent reviews of contributions from various 
parts of Asia have been reported and analyzed along these lines (3 to 6). 

Great stress has been laid in recent years on evidence of overconsumption 
among mature subjects, the tendency to put on weight being considered as 
a deviation from normal. Whether the opinion that proper adjustment can 
be adequately controlled merely by restriction of food intake, is a correct 
one or not, is open to debate. That restricted food intake will tend to reduce 
overweight is not in question, but with regard to the cause of so-called over- 
feeding, intricate physiological mechanisms are involved among which 
certainly hypothalamic regulation and probably hormonal regulations take 
part (7 to 10). It is clear that both may undergo modification with age. 
Specifically located destruction of the hypothalamus induces a state of 
hyperphagia leading to obesity; the absence of abnormalities in skeletal 
length rules out pituitary lesions. Dilution of nutrients in the ration with 
kaolin reduces the supply of calories without cutting down the total bulk of 
food consumed; it produces a drop in the rising curve of body weight. In 
normal animals there exists a primitive unconditioned urge to eat which is 
under the control of a hypothalamic satiety mechanism and this, in turn, 
responds to blood levels of absorbed nutrients; it is particularly effective 
in young animals and less so in older ones. This tendency in the course of 
ageing operates in favor of an unrestricted flow of nutrients which are 
catabolized only to the extent of energy requirements; the surplus is con- 
vetted to fat. Obesity seems therefore to be associated with an alteration 
of normal hypothalamic control of hunger. In Figure 1, which we shall refer 
to on several occasions in this chapter, the phenomenon is depicted as a 
competitive balance between the two metabolic routes @ and b. Munro 
(11) has studied basal metabolism and nitrogen balance in man consuming 
a ration supplement of 680 kcal. daily (protein, carbohydrate, and fat) 
superimposed on an adequate basal diet. There was no rise in the basal 
metabolic rate; there was retention of nitrogen after periods of from 5 to 15 
days. 

For several years a systematic series of large scale food consumption 
surveys have been conducted in France under Trémoliére’s supervision (12). 
Rural and industrial areas are being compared. Variations in profession, 
income, and size of family, as well as individual variability, are being ex- 
amined and found to be significant. 

Space is not available in this chapter for a complete consideration of 
all the dietary surveys that are to be found in the literature. A few examples 
are given among those serving different kinds of purposes. Diets of school 
children in New York State (13) have shown: that children from four to 
nine years of age had better nutrient intakes when judged by the Recom- 
mended Allowances of the National Research Council (NRC) than those 
from 10 to 15 years of age; that adolescent boys between 13 and 15 tend to 
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consume more protein, iron, thiamine, riboflavin, nicotinic acid, and ascorbic 
acid than the girls of corresponding ages; that no significant differences 
exist between nutrient intakes in the fall and in the spring; and that in 
general intakes of calcium and ascorbic acid were lower than those recom- 
mended by the N.R.C. Critical analysis of such investigations will help 
either to detect inadequate food habits or to adjust our knowledge of pro- 
posed standards. With regard to the technique of food consumption surveys, 
Yudkin (14) points to the fact that seven-day periods are inadequate for 
dietary surveys. The writer expressed the same opinion in his monograph 
of 1939 published by the League of Nations’ Health Organization. One does 
not rule out the discrepancies between average figures of food composition 
tables and the actual content of the food eaten, when food purchases are 
not repeated often enough during the survey period, and this happens to 
be the case in seven-day periods. The latter are also too short to account 
for fluctuations in food intake. Yudkin’s investigation also underlines 
marked daily differences and variations in individual consumption of calo- 
ries, proteins, and vitamins. The question of limitations of Atwater’s average 
values for calorie equivalents per gram of nutrient was discussed in F.A.O.’s 
report of 1947. 

Crampton et al. (15) have studied the apparent digestibility of diets in 
rats, guinea pigs, sheep, swine, and humans; their results do not indicate 
large differences in digestive capacity, but as they themselves point out, 
the diets they studied were all of negligible crude fiber content. One would, 
however, be interested to know what their findings would have been if the 
crude fiber load had varied substantially. Further studies on methods of 
dietary surveys have also been undertaken with the object of comparing 
diet evaluations by analysis and by estimation from tables (16). 

Measurement of energy expenditure.—It is classical to distinguish between 
energy requirement as evaluated from food intake and the same as measured 
in the form of expenditure. The appraisal of requirement from energy ex- 
penditure raises a difficult problem: whereas measurements are significant 
for short periods of observation, when the factors involved are easily con- 
trolled, an evaluation of expenditure during a 24-hr. period or a longer one 
of current conditions of actual daily life cannot be made without making 
many assumptions, and the various factors coming into account are much 
more difficult to deal with quantitatively. Whether or not tissue respiration 
varies appreciably with body size has been studied and conflicting results 
have been reported (17, 18). New volumetric microrespirometers for studies 
of tissue metabolism have been described (19). Maximum oxygen consump- 
tion for work periods of 6 min. have been determined in normal and patho- 
logical subjects (20). 

Energy expenditure in various conditions has been measured in the past 
year: during stepping (21); in children of 9 to 11 years of age in various house- 
hold occupations (22); in girls of 6 to 14 years of age during quiet 
play and cycling (23), and for heat regulation purposes with reference to 
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anatomical factors (24). A point of great physiological importance concerns 
the influence of low levels of protein on heat production. The striking fact 
has been reported (25) that, at constant total calorie intake, heat production 
in rats diminishes as the protein level in the diet increases. In connection 
with Forbes and Swift's findings of 1949, that combinations of nutrients do 
not produce dynamic effects in proportion to those induced by each indi- 
vidual nutrient acting alone, and that supplements of protein and fat, or 
of carbohydrate and fat, have less dynamic effects than fat alone, these 
more recent observations point to the fact that gains in live weight, reten- 
tion of nitrogen and fat in body tissue, increase in nitrogen digestibility, 
and decrease in heat production, are found in the order of increasing pro- 
tein content of mixed diets in rats. 

Thermochemical efficiency of growth has been studied (26); whereas 
“gross efficiency,” of growth in rats refers to the ratio of the increase in 
weight to the amount of food consumed, ‘‘thermochemical efficiency” of 
growth corresponds to the ratio of the increment in total heat content of 
the body to the potential energy of the food ingested. Whereas protein 
content in proportion to body weight stays constant throughout growth, 
water and fat content, body weight, total heat content, and food intake 
vary in such a way that thermochemical efficiency of growth stays constant 
from weaning to puberty. 

Food composition tables—Our knowledge of food composition is limited 
for many important parts of the world. Valuable contributions have been 
made to fill in the gaps, namely, for Central America (27, 28). The composi- 
tion of California commercial tomato pastes has also been reported (29). 
Tables for short methods of dietary analysis have been proposed (30) in 
which nutrient contents are given in terms of practical household units. A 
fruitful discussion of the factors involved in the assessment of the calorie 
content of diets from food composition tables is to be published shortly (31). 

Undernutrition.—A book of importance, in two volumes, issued by Keys 
et al. on this essential subject in 1950 has been reviewed (32); the book 
covers the most diverse physiological aspects of the essential subject of 
undernutrition and forms a basic document of reference. It should be stressed 
however, that starvation was studied by this investigator under strictly 
controlled conditions of deficiency (namely, in calories), which are rather 
different from those which have occurred among populations of various 
parts of the world at certain times in their history; in Keys’ study, the sub- 
jects were fed on diets supplying adequate or fairly adequate amounts of 
certain essential nutrients, while they were severely deficient in others. 
Adaptation to undernutrition has received much attention (33) with par- 
ticular reference to a peculiar observation on moderate underfeeding of 
rats (34): glycogen deposits in liver, in muscle, and in peripheral fat re- 
serves were increased, a temporary condition which disappeared under 
more severe conditions of undernutrition, and which has been considered 
by some as an expression of Selye’s general adaptation syndrome to stress. 
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Another important aspect of partial starvation concerns the reversibility 
of its effects which has been strikingly observed among some 800,000 French 
children after World War II (35), in a follow-up survey from 1940 to 1948 
when complete reversibility in delayed growth was noticed among subjects 
of 6 to 20 years of age, their average heights in 1948 being equal or even 
superior to prewar values. The food and nutritional situation has also been 
examined in Berlin during the blockade period and after it (36); the basic 
diet as judged from ration sources averaged about 1,800 kcal. daily. What 
the calorie intake actually amounted to was probably difficult to assess. 
The influence on the state of nutrition of food supplements of 200 to 400 
kcal. a day was studied. 


PROTEINS AND AMINO ACIDS 


Nutritive value—Distinction between proteins of different quality has 
received considerable attention for many years. One can hardly claim that 
our views have become clearer as research progresses in this field. Obviously, 
the observations from which we try to judge are made under experimental 
conditions in which we usually fail to control adequately all the factors 
involved in such intricate phenomena as those which are tested. Even our 
vocabulary seems to suffer from obscurity as expressions such as “‘biological 
value’’ or ‘nutritive value’’ are being used more or less loosely. The diversity 
of the criteria on which differences in ‘‘value’’ of a protein are based is 
probably largely responsible for the confusing state of our present knowl- 
edge, whether it be maintenance requirements for nitrogen balance in 
adults, or digestibility, or protein efficiency ratios in relation to growth 
requirements, or recovery requirements of body reserves in depleted animals, 
or composition in essential amino acids. The basic fact that such qualities 
cannot be attributed to a given protein, considered by itself, does not seem 
to have received sufficient credit. Views that are rather too schematic 
seem to prevail in attempts to analyze the complicated conditions which 
are being examined. It looks as if one has sometimes gone too far in the 
treatment of rather conventional distinctions such as those of endogenous 
N as defined in various ways, one of which being N output during periods 
of N-free diets, with perhaps insufficient consideration of the importance 
of time factors; one has the feeling that many assumptions have to be made 
which seem to be too easily lost from sight. Very careful investigations do 
leave that impression (37, 38) and yet one must admit, on the other hand, 
that too critical views on such matters might be sterilizing in their conse- 
quences, and that one cannot discard certain problems merely because of 
their complexity. The critical view held here, should therefore not be 
interpreted in a nonconstructive sense of the word and without due regard 
to the merits of the attempts concerned. As a matter of fact, the latter serve 
the useful purpose of contributing to emphasize the need for some sort of 
over-all reconsideration of the matter. 

Certain observations (37) point to the fact that the biological value of 
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a protein as defined by specific and rather complicated ratios appears to 
be numerically far from constant, and this alone seems to underline the 
weakness of the concept. One may wonder, for instance, whether such ratios 
still have a meaning when it appears to be doubtful whether “‘endogenous 
nitrogen excretion” and ‘‘metabolic components of fecal N”’ refer to con- 
stant levels, or when the definition of such entities calls for assuming that, 
during the observation period, amino acids are not deaminized for the break- 
down of carbon moiety for purposes of energy expenditure. If it must be 
under such assumptions, that a biological value can only be considered 
a criterion of the balance of essential amino acids for the building proc- 
ess of tissue proteins, one may doubt whether the concept still retains 
a practical significance. This is perhaps the place to underline the fact that 
all that has been done with labelled nitrogenous metabolites points so 
far to the rather opposite view that endogenous and exogenous metabolites 
are pooled in the living organism. That interesting correlations exist, how- 
ever, and must be taken into account is indubitable; an interesting discussion 
of the subject has been given (39), for instance, in relation to the fact that 
animal protein feeds rich in vitamins are important in adequate feeding 
of nonruminant livestock, whereas vegetable feeds alone are less satis- 
factory. 

A series of six reports by important contributors to the subject of protein 
and amino acid requirements are to be found in a book of Albanese (40) in 
which the intricate factors bearing on protein requirements are discussed, 
namely amino acid interrelationships and vitamin-amino acid relationships, 
in addition to absolute values of amino acids; these are considered in con- 
nection with differences in species, function, age, and nutrition levels. A 
useful review on the subject with particular reference to Melnick & Oser’s 
approach to the subject and to their in vitro procedure for evaluating biologi- 
cal value of proteins was published in 1950 (41). They point also to the fact 
that the nutritive value of a given food protein as measured in rats is not 
necessarily the same in man. 

Effects of calorie intake (42), and of the time factor and calorie level 
(43) on nitrogen balance or utilization, have been studied, showing that the 
lower the intake of protein and calories is, the greater the need becomes for 
including high quality protein in each meal. 

Methionine requirements and deficiency have been investigated (44, 45, 
46). The nitrogen-sparing effect of carbohydrate (47) has also been studied. 

Other contributions concern the relation between biological value of 
proteins and growth: a growth-depressing factor, other than gossipol, in 
cottonseed meal (48); sex differences in the growth of young rats and sur- 
vival of adult rats fed protein-deficient diets* (49); protein efficiency ratios 
determined for various cereal breakfast foods (51), for six partly purified 


* This might usefully be compared with similar sex differences observed by the 
writer in 1939 among school children receiving milk or ‘Oslo breakfasts’ (50). 
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proteins (52), and as a function of different protein levels in the diet (53). 
The much explored field of investigation of amino acid admixtures to basic 
diets has been the subject of further research (54 to 66) on stimulating or 
inhibiting effects of added amino acids on growth or their influence on 
nitrogen balance in the mature state; these studies underline the importance 
of interrelationships between amino acids themselves, or between amino 
acids and vitamins, for instance, antagonism between methionine and 
thiamine. They have led to valuable information on the existence of still 
undetermined factors in animal protein foods. 

Other essential features of the problem concern the antitryptic activity 
of eggwhite and various proteolytic breakdown products of partly digested 
proteins, as well as their relation to digestibility; also the value of protein 
hydrolysates, whether or not enriched with free amino acids (67 to 72). 
The excretion of amino acids by normal and undernourished human subjects 
following a single intravenous injection of amino acid mixtures has revealed 
the interesting fact that no substantial differences were to be found between 
both groups of subjects (73). Urinary excretion of essential amino acids 
by human subjects has been reported to remain unchanged under the 
influence of dietary proteins of different biological value, with the possible 
exception of histidine and threonine; no correlation seems to exist between 
biological value of ingested protein and the total amount of essential amino 
acids excreted in the urine (74). Certain still poorly defined features regard- 
ing amino acid output in the urine of newly born and premature infants 
have been reported: namely, tyrosiluria (75); methyl histidinuria has also 
been studied and presumably associated with meat diets (76). 

With regard to studies on nitrogen balance and the significance of fecal 
nitrogen, a survey among healthy subjects, held for 4 to 5 months on a con- 
stant diet, revealed rather substantial variations in fecal N; whereas fecal N 
is often assumed to correspond to 10 per cent of the total N intake, it was 
found to deviate appreciably from that mean value (77). Moreover, evi- 
dence has been advanced to the effect that the extra fecal nitrogen excreted 
under the influence of bran consumption is not to be considered exclusively 
as nonabsorbed nitrogen waste (78). 

The interesting but still poorly understood influence of antibiotics on 
the gastrointestinal contents with consequent effects on growth and nutri- 
tion has received further attention‘ (79); obviously their interpretation is 
subject to particularly careful consideration, because of the fact that the 
findings may eventually be equally easily correlated with a reduction in 
microorganisms sensitive to the antibiotic, as well as with an enhancement 
of those which are resistant to it (80). The synthesis by rumen bacteria 
of the 10 amino acids essential for rat growth has also been the object of 
further study (81). 

In general, the entire problem of the nutritive value of amino acids or 
proteins, and of body requirements in respect to these nutrients, will need 


4 See also pp. 369 to 370. 
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in the future more exact knowledge of the amino acid content of foods 
The present position in this respect is still very unsatisfactory. The bio- 
chemist is in need of new and better methods of estimating more exactly 
and more completely the composition of foods in respect to amino acid 
content. Short of any definite improvement along these lines, the state of 
our knowledge of the biological value of proteins is apt to stay in its present, 
rather confusing position. Experiments based on the replacement of a given 
protein in a diet by a mixture of free amino acids, presumably comparable 
quantitatively to the replaced protein, can only be regarded as rather crude 
attempts needing reconsideration when we are better informed of the exact 
quantitative composition of the protein replaced. Too many data on the 
composition in respect to important amino acids such as cystine, methionine, 
tryptophan, and several others are being used although they are probably 
not correct; and altogether too exclusive attention seems to have been given 
to the so-called essential amino acids. An important contribution which 
emphasizes the precarious state of our knowledge on this subject has been 
made by the Bureau of Biological Research of Rutgers University (82). 
What the nutrition physiologist needs is the amino acid content of a food 
as a whole and not simply that of protein fractions extracted from foods and 
purified by precipitation. Distinctions between protein and non-protein 
nitrogenous constituents of a complex mixture, such as a food material, 
are fallacious. The contribution of Steward et al. points clearly in this direc- 
tion (83, 84, 85). Microbiological as well as chemical methods are exposed to 
similar difficulties, the latter being related to the action of heat and of 
other factors concerned with hydrolysis in the conditions in which this 
process usually takes place. The writer has attempted, in collaboration with 
Moore et al., to apply Moore & Stein’s new chromatographic method on 
ion-exchange columns, to the analysis of amino acids in foods in controlled 
conditions having the purpose of ruling out the difficulties referred to. 
Their preliminary observations have been reported (86). 

The browning reaction and effect of heat in general on the nutritive 
value of food proteins (whether or not denaturation takes place in presence 
of carbohydrate) have been extensively studied (87 to 96). The inhibiting 
influence of dilution on the process has been mentioned; the amino acid- 
carbohydrate compounds formed have been reported to resist the action 
of pepsin and trypsin, but not acid hydrolysis, the most strongly basic 
amines being most vulnerable. 

Finally, the effect of canning on the nutritive value of proteins has been 
examined (98). 

Total protein in the diet and blood serum-protein levels ——Many observa- 
tions in the past have shown that starvation leads to low protein levels in 
the blood and to nutritional oedema, particularly when calories and protein 
are acutely deficient in the diet. Low protein intake is not, however, sys- 
tematically accompanied by low blood protein levels. This was the case 
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in the Belgian Congo (99). Sinclair has also dealt with this vital question 
(99a). Other important contributions pointing to similar findings have been 
reported (100, 101, 102). The relation of protein scarcity to low blood pro- 
tein levels in tuberculosis among undernourished subjects has been studied 
(103); also the influence of low protein intake on the production of soft 
and skeletal tissues (104). A factor related to the immuno-lactoglobulin 
fraction in colostrum has been considered as essential in the survival of 
newborn calves (105). The protein ration in the diet of pregnant women was 
recently examined in Paris (106). 


CARBOHYDRATES 


In the case of proteins, and to a certain extent also of lipids, require- 
ments are concerned (a) with the quality of the nutrient and its specific 
properties, and (b) with its value as a fuel. In the case of carbohydrate, on 
the contrary, requirements have usually been regarded from the latter 
point of view alone; the purpose of dietary carbohydrate has been considered 
as being merely that of filling in gaps as calorie requirements are being covered 
and as protein and lipid requirements are being satisfied in respect to their 
qualitative and more specific functions, There is evidence available today 
that points to a quite different view. Carbohydrates also take part in specific 
metabolic processes which influence body requirements for those nutrients 
independently of their fuel value. There are three factors at least in which 
this has become or is becoming apparent: (a) keto-antiketogenic balance, 
(b) specific nutritive requirement for the mitogenic function of cells, and 
(c) contribution of intestinal flora to vitamin synthesis in the gut in relation 
to the raw or cooked condition of the starchy food consumed. 

Keto-antiketogenic balance.—This is not a new concept. It originated with 
Zeller’s finding in 1914 that on a constant diet human beings develop so- 
called fasting ketosis when less than 10 per cent of the calories produced 
from nonnitrogenous nutrients are derived from carbohydrate and more 
than 90 per cent from fat. It led to the concept that one-half a molecule 
of glucose had to be broken down in order to insure a simultaneous complete 
combustion of one molecule of fatty acid, the latter being assumed, at the 
time, to be capable of producing one and not more than one molecule of 
acetoacetic acid per molecule of fatty acid disappearing (original Knoop 
concept regarding the last but one end product of 8-oxidation). From this 
originated the concept of keto-antiketogenic balance of a diet which led, 
at the time of Newburg and other students of diabetic ketosis between 1920 
and 1940, to considerable efforts to determine quantitatively how much 
ketone bodies could be expected to be formed in the diabetic organism; 
these efforts continuously failed to give satisfactory results. During the 
past ten years the reason for those failures has become clear, since studies 
on labelled metabolites have pointed to the conspicuous position of a ‘‘two 
carbon” metabolite (presumably acetic acid or a closely related derivative) 
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as a common intermediate step in the various anabolic and catabolic routes 
followed by carbohydrates, proteins, and lipids, under normally balanced 
hormonal and hypothalamic control (see Figure 1). 

We shall, for convenience, refer to this common step in terms of acetic 
acid. In the catabolic process, acetic acid originates from various sources 
(routes a, b, ¢ and e2). The capacity of Krebs’ tricarboxylic “mill” into 
which acetic acid and oxygen pour while CO. and HO pour out, to take care 
of the inflow of acetic acid may be regarded as depending in part on the 
amount of oxaloacetic acid available, and this in turn depends essentially 





“= _ we Né 





NUTRITION 365 


on the amount of carbohydrate available to the body (route a). In case of 
carbohydrate deficiency, whether this be due to lack of intake or failure to 
catabolize carbohydrate, the capacity of Krebs’ “mill’’ to deal with acetic 
acid produces an overflow of the latter and a shift of route a to route c, thus 
leading to ketosis. Overproduction of acetic acid resulting from overloading 
of the body with nutrients (eventually caused by lack of hypothalamic 
control), or disturbances in the balance of hormonal control of these various 
metabolic processes, may lead either to excessive lipid deposits in body 
reserves (obesity) or excessive sterol synthesis.’ This tentative scheme, 
arising as a working hypothesis from the findings of the last ten years or 
so, is a key to their integration in a coordinated picture. It will help usin 
synthesizing the various observations on carbohydrates and lipids in recent 
nutrition research, keeping in mind of course that the processes cannot be 
exclusively determined by variations in relative amounts cof nutrients and 
metabolites involved but also, and probably predominantly, by the influ- 
ence of central nervous and hormonal balances or disturbances. 

Nutritive requirements of mitogenic activity—Bullough (107) has pub- 
lished in the past decade several observations which point to carbohydrate 
as an essential nutrient of tissues for mitogenic activity and to the de- 
pendence of this activity on hormonal factors governing carbohydrate me- 
tabolism. 


Hormones which are known to inhibit mitotic activity are adrenalin, which drains 
glucose from the tissues, the glucocorticoid hormone of the adrenal cortex, which 
interferes with carbohydrate utilization, and the adrenocorticotropic hormone of the 
anterior pituitary, which induces glucocorticoid hormone secretion. . . . Hormones 
which stimulate the rate of cell division are the androgens and oestrogens. These sub- 
stances exert a direct mitogenic action on the cells, but it is clear that they also mobi- 
lize carbohydrate in support of this action. . . . Evidence is reviewed to indicate that 
tissues compete among themselves for the available glucose, and that complex sys- 
tems of priorities operate within the body. Tissue competition may be local or general, 
and it appears to be of critical importance in relation to carcinogenesis and to the 
chances of survival of invading parasites. ...It is concluded that mitosis in the 
mouse is related partly to nutrition, partly to the hormonal complex, and partly to 
unknown mitosis-controlling forces which are inherent in each “‘species” of tissue 
(107).6 


Obviously these important findings point also to the specific value of carbo- 
hydrate for growth requirements in mammalians. 

Influence of starch on vitamin production in the gut.—In monogastric 
livestock animals such as pigs, Baker & Nasr (108) have shown that starch 
is broken down in the gut through two different processes according to 
whether it is consumed raw or cooked; microbiological oxidoreduction 
takes place in the first case, and the more familiar hydrolytic process in the 


5 See also pp. 356 and 366-67. 
6 The writer is indebted to Dr. Bullough for allowing him to quote this paragraph 
of his conclusions. 
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second. In both conditions starch influences differently the quality of the 
bacterial flora: when consumed raw, the starchy material enhances the 
growth of those bacteria which have high yields in production of vitamins 
of the B group, sufficiently so as to protect the animal from B deficiency if its 
intake of those vitamins is low (108). Obviously, we do not know whether 
anything of the same kind is liable to take place also in man, even to a slight 
extent, but these important observations do demonstrate the fact that, in 
animals in general, when foods are consumed raw or cooked, their nutritive 
value may be different; the reasons are not those which are usually thought 
of, such as thermolability of the vitamins they contain, but differences in 
bacterial metabolism in the gut and their secondary consequences on the 
balance of vitamins of endogenous origin. 

Other observations regarding carbohydrates and starchy foods are con- 
cerned with the isolation of toxic substances from agenized flours (109, 110) 
and the clinical consequences thereof (111); with the biological utilization of 
unmodified and modified food starches (112); and with the consumers’ pref- 
erence for bread containing different amounts of nonfat dry milk solids (113). 


LIPIDS 


Figure 1 and the comments on pages 364 and 365 may serve to coordinate 
the data published in the last year or so on the nutritive aspects of fat metabo- 
lism. A certain number of essential features arise out of the mass of such 
observations. 

Obesity.—We have already considered this phenomenon in connection 
with overfeeding, and the hypothalamic and hormonal control of lipid 
anabolism (pp. 356, 363-65). Allied subjects which have received atten- 
tion are the estimation of fat reserves with new methods (114); and the 
free selection of nutrients by hereditary obese mice with an associated con- 
dition of diabetes (115). 

Fatty livers.—This will be referred to in the sections devoted to B vitamins 
and malnutrition. 

Cholesterol metabolism and arterial diseases——This most important topic 
originated with Gofman’s observations on the presence of high molecular 
weight lipoproteins in the blood of patients suffering from arterial trouble 
(116). A coordinated research scheme has since been put into action, in- 
volving work from different research centers, to investigate the subject, 
in connection with methods and with lipoprotein levels in normal blood 
with due regard to variability and the statistical features involved. Other 
publications relate to the same subject (117 to 123). Important too is the 
finding that, in human subjects apparently normal but showing a tendency 
to high blood cholesterol levels, diets low in cholesterol and in fat tend to 
reduce those levels, but that, on a low cholesterol intake, fat intake alone 
tends to shift the blood cholesterol figures up to their original high values 
as quickly as cholesterol intake itself (124) [route d of Figure 1]. 

Parenteral feeding—In the past ten years, parenteral feeding was 
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restricted to the supply of water-soluble nutrients (amino acids and carbo- 
hydrate). Because of limitations resulting from osmotic pressure, however, 
an adequate calorie intake could not be provided without introducing exces- 
sive amounts of water; progress seems to have been realized by increasing 
the fuel value of these preparations by including very finely emulsified fat 
(125). 

Fats as growth factors —The qualitative value of individual polyun- 
saturated fatty acids, independent of the common fuel value of fat, has 
not only been studied with regard to pathological signs of malnutrition, e.g., 
in the skin, but also in relation to growth (126 to 129), to thyroid activity 
(130), to interconversions and synthesis of polyunsaturated fatty acids by 
the laying hen (131). 

Digestibility—The composition of the diet has been found to influence 
the digestibility of fats (132); this must be kept in mind with regard to the 
usual method of measuring and comparing the digestibilities of different 
fats on otherwise constant diets; it raises the question as to what extent 
digestibility coefficients, as usually measured, are really significant in mixed 
diets. This important point has already been stressed in the past by Jacquot 
when he studied the influence of added cellulose on the digestibilities of the 
nutrients in a diet. The digestibility of tropical fats has been analyzed 
(133), and the mechanism of fat absorption has also been studied in con- 
nection with Frazer’s theory’ (96, 134, 135). 

Ketosis.— Disturbed interrelationships between the intermediary metabo- 
lism of lipids, proteins, and carbohydrates leading to abnormal end products 
(ketone bodies) from lipids are not exclusively related to deviations from 
normally balanced diets. That they are under hormonal control (see page 
363) has been recognized for a long time. Further evidence of these influences 
has been given (136), and also in connection with conditions of stress (137). 
Acetone as an intermediate metabolite has been studied in various tissues 
(138). 

Influence of heat on oils and fats——Further study of this important aspect 
of food technology has been made in relation to thermal polymerization 
and nutritive value (96, 139). 

Miscellaneous.—The action of antioxidants on fats (140, 141), the consti- 
tution of fruit juice lipids (142), and the use of fats in weight reducing 
diets (143) have received consideration. 


VITAMINS® 


Fat-soluble vitamins.—A symposium on vitamin A was held by the 
British Nutrition Society in September, 1950 (144). Its reports give an 
excellent account of our knowledge to that date: (a) on vitamin A active 
substances, namely “anhydro”- and ‘“‘dehydro”-vitamin A, and vitamin 


7 See also this volume pp. 245 to 272. 
8 See also this volume pp. 333 to 354 and 633 to 686. 
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A itself; (6) on vitamin A and vision; (c) on its standardization and re- 
quirement, with a most useful survey of the present rather confusing situa- 
tion regarding requirements in terms of international units; (d) on the site 
of conversion of carotene to vitamin A; (e) on vitamin A levels in blood 
and tissues in relation to health and disease; (f) on pathology of vitamin A 
deficiency and significance of clinical signs related to it. An important 
question, from the point of view of requirements, is raised by the possible 
influence of intestinal bacteria on the production of vitamin A from carotene. 
Whereas the liver was considered in the past to be the main if not the 
only site of that conversion, considerable evidence is accumulating to show 
that it is in the gut that the transformation takes place predominantly. 
Observations reported by different laboratories between 1946 and 1950, 
based on experiments in rats, chicks, rabbits, sheep, goats, and pigs point 
to the fact that the site of conversion is to be located in the intestinal wall 
(158); whether the process involves the wall alone or whether the intestinal 
flora also play a part is still debated. Some investigators are strongly inclined 
to locate the site in the wall exclusively, considering that the amount of 
vitamin A found in the lumen of an animal on a vitamin A-free diet contain- 
ing carotene is to be attributed to an artefact, on account of rapid diffusion 
from the wall after death (145); others locate the site in the gut without dis- 
tinguishing between the lumen or the wall (146, 147). Another important 
finding in sheep is related to the synthesis of carotene by microorganisms 
from the ileum and caecum (148); this was demonstrated on agar media 
inoculated with caecal contents. Similar in vitro tests might perhaps help to 
determine whether the intestinal flora of monogastric animals are also 
capable of eventually converting carotene into vitamin A. It is claimed 
that considerable evidence exists to suggest that in dogs, cows, and man, 
the main site of conversion may not be the intestinal wall (158). 

Other investigations pertain to measurements of digestibility of carotene 
in goats and cows (149); to the factors involved in the utilization of free 
vitamin A and several of its esters (150, 151); to the capacity for storing 
vitamin A according to whether it is delivered in aqueous dispersions or 
oily solutions (152); to certain antagonistic effects of various carotenoids 
on the storage capacity of the liver for carotene (153); to the contents of 
various foods in carotene and vitamin A (154 to 157); to the increased po- 
tency of carotene when fed in margarine (158); and to the influence of 
antioxidants on the stability of aqueous and oily vitamin A acetate and 
carotene solutions (159). The possible existence of hypervitaminosis A has 
been discussed (97). Mellanby has condensed, in book form, his observations 
on abnormal bone formation and overgrowth in young animals fed on 
diets deficient in vitamin A but not in vitamin D (160). With regard to 
vitamin A determinations in foods, results of physiochemical and biological 
methods have been compared (161), and chromatographic fractionation of 
vitamin A and its various esters has been studied (162). 

Vitamin D problems, in actuality, are closely related to mineral metabo- 
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lism (see pp. 371-72). Two lines of thought have been followed in studies of 
the vitamin’s action: one bearing on calcium absorption from the gut, and 
another on calcium fixation in the skeleton. Mellanby has laid much stress 
on his concept of a rachitogenic property of cereals, which he attributes to 
phytic acid (160). In his opinion this substance interferes with calcium 
absorption because of the insolubility of calcium phytate. It is rather con- 
fusing though, to refer, as he does, to this substance as a “‘rachitogenic 
toxamin’”’; it is neither an amine nor a toxin if its action is merely one of 
preventing calcium from being absorbed because it insolubilizes it. The 
expression ‘‘toxamin’’ conveys quite a different idea, namely, one of inter- 
ference with vitamin D function, eventually a sort of an antivitaminic action. 
One wonders whether Mellanby means to refer to such a mechanism in addi- 
tion to the mere insolubility of calcium phytate, and whether he suggests 
the coexistence of two such different pathogenic processes acting simul- 
taneously. There seems to be no experimental support for this view in his 
observations; he claims that the rachitogenic effect can be neutralized by 
giving extra calcium in the diet, and yet it appears from his own findings 
that calcium tends to inhibit phytase activity in the gut. One would feel 
inclined to believe the opposite influence to be the one that would support 
his viewpoint. Rachitogenicity of young green oats has been studied in 
New Zealand where they produce hypophosphataemia with normal 
serum calcium values, lameness, and growth inhibition in sheep (163). 
The plant contains well-balanced amounts of Ca and P; vitamin D is 
effective in preventing rickets in the diseased animals; the sudden onset of 
the symptoms when sheep are fed this foodstuff is considered as an indication 
that one is not dealing with an antivitamin but with a toxic substance or a 
conditioning factor interfering with P uptake, whereas Ca absorption is 
reported to be normal. Phosphorylated vitamin D, has been studied in its 
action on alkaline kidney phosphatase (164). There are observations on 
the destruction of lipase in oats (165); on toxicity of D. (166), and on severe 
forms of rickets resistant to treatment (5). 

As far as definite evidence of vitamin E activity is concerned, only very 
little is known concerning the role it plays in human physiology, apart from 
its antioxidant properties in the intestinal content and protective action 
towards carotene. In animal physiology, of course, the findings are different. 
Obviously, that curious situation is, in itself, a remarkable one which 
underlines the need for further research. Studies in cattle, chicks, pigs, and 
rats have been published in connection with blood levels, deficiency symp- 
toms, requirements, muscular dystrophy, and liver injury (167 to 173). 

Vitamin K studies have been made on the treatment of dicumarol- 
induced hypoprothrombinaemia in man and dogs, with vitamin K, emul- 
sions administered intravenously (174). One would be interested to know 
whether water-soluble preparations of synthetic substitutes such as K, or 
Ks would work as well. 

Water-soluble vitamins.—Williams et al. have synthesized the data up 
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to 1950 (175). The influence of ingested antibiotics on growth is one of the 
dominant features of recent studies on B vitamins of endogenous origin 
(see also pp. 361, 365-66) (176 to 180). Correlation between free and 
bound pantothenic acid, coenzyme A, and pyruvate metabolism has been 
studied (181 to 184), as well as interrelationships between pantothenic acid 
deficiency and that of other constituents of the B complex (185, 186). 
Investigations have been made on thiamine and other B vitamin require- 
ments and deficiencies in various circumstances: namely, among humans and 
species of animals showing evidence of specific malnutrition (5, 187 to 
190); under the influence of alcohol (191); in relation to the mechanism of 
thiamine action (192, 193, 194), and to the debated sparing action of 
fats, in thiamine-deficient animals (195, 196); in newborn infants (197); 
and among school children (198). Studies on food enrichment with thiamine 
have been made in various countries (199 to 202) and the effect of pyridoxine 
deficiency has been investigated on reproduction in rats (203). 

The causation of pellagra has been extensively reviewed by Chick 
(204), including the three mechanisms which have been considered: toxin 
theory, protein deficiency, and nicotinic acid deficiency. Further publica- 
tions have been published since on the relation between tryptophan and 
nicotinic acid metabolism, and on the presence of an antinicotinic acid 
toxin in maize; all of which are in favor of a more eclectic view involving 
simultaneous interaction of the three factors (204 to 211). 

Another outstanding subject of intensive research concerns interrela- 
tionships between (a) lipotropic factors and their mechanism of action in 
connection with transmethylations, (b) cobalamine (vitamin By2), (c) folic 
acid, (d) other undetermined factors present in liver extracts, such as the 
animal protein factor, and Elvehjem’s monkey antianemic factor. Two 
extensive reviews of the literature on cobalamine have been published, one 
on the chemistry and physiology of the vitamin (212), and the other on the 
clinical aspects of its deficiency (213). Many contributions to this important 
subject are to be added to those cited in the two reviews (214 to 243). 

Ascorbic acid has been studied in relation to growth (244); to its level 
in the blood of Paris school children in 1947 (245); to its effect on the 
healing of corneal ulcers in man (246); to the action of dehydroascorbic 
acid (247, 248); to saturation tests (249); and in relation to capillary fragility 
(250). The Federation of American Societies for Experimental Biology has 
recommended the discontinuance of the use of the term vitamin P because 
studies have failed to substantiate previous claims of its ability to reduce 
hemorrhages and to extend the duration of life of scorbutic guinea pigs (251). 

The composition of foodstuffs in water-soluble vitamins is to be found in 
a large number of papers (154, 252 to 276); the influence of various factors on 
their vitamin content is also found in this group of references. Space is 
not available in this chapter to deal systematically with food processing and 
methods of food preservation. With regard to methods of estimating vitamins 
a study has been made of the discrepancy in the thiamine content of meat 
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as measured by the thiochrome and rat growth methods (277) and a chemical 
procedure for determining pantothenic acid has been described (278, 279). 
Extraction of phytic acid in the processing of malt has been studied (280). 
A histologic bioassay of 3-methy-L-ascorbic acid, has been reported upon 
(281). 


MINERAL ELEMENTS 


An excellent over-all critical review of our present state of knowledge 
on mineral elements of importance in nutrition and in diseases of grazing 
animals has been prepared by Green (282). 

Calcium and phosphorus (including vitamin D action).—One of the out- 
standing features in this line of research concerns minimum calcium require- 
ments in man, as judged from minimum levels of intake compatible with 
normal balance in mature subjects,—a criterion of maintenance requirement 
which is very different from so-called optimum level of intake; the latter 
corresponds to the maintenance level plus a supplement sometimes referred 
to as a safety margin which is supposed to be required for optimal state of 
health. Whereas the latter is subject, doubtless, to rather vague, ill-defined, 
and subjective estimations, the former refers, in principle, to evaluations 
that can be kept under more rigid control. And yet recent findings show 
how very much the question stays open to debate. In a very careful survey 
of the literature up to 1937, Leitch evaluated the minimum level of calcium 
requirement in adult human beings, necessary to prevent a negative balance. 
The study revealed that for population groups of western civilization living 
in moderate climates, the requirement is of the order of 0.5 to 0.6 gm. of 
Ca per day. Yet, in many parts of the world where definite evidence of cal- 
cium deficiency does not seem to prevail, particularly in tropical or sub- 
tropical areas, much lower levels of calcium intake seem to exist. It was 
recognized that many uncontrolled factors come into play, independently 
of calcium intake itself. 

An important contribution to the subject (283) shows how unrealistic 
and dangerous our accepted standards may become if applied too strictly. 
Recent findings emphasize the remarkable ability of the human body to 
adapt itself to widely varying conditions. They show that maintenance re- 
quirement is related to calcium reserves; that estimates of calcium require- 
ments represent primarily an expression of the previous dietary calcium 
intake; that no solid evidence exists of actual deficiencies occurring in adult 
males; that no effort should be made, in areas where caicium intake among 
adults seems to be low, to increase it, and that such efforts should be re- 
served for children and expectant or nursing mothers (283). However 
unorthodox these important statements may eventually appear to be, 
they deserve the full attention of the nutritionist. Evidence of improvement 
in physical condition on increase of dietary calcium intake is more likely to 
be correlated with the extra supply of other nutrients which accompanies 
increased calcium supply in the form of foods. We do not know with cer- 
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tainty whether added calcium salts to a diet may not do more harm than 
good in certain circumstances. Another essential point is the difficulty, 
when experimental conditions are not very closely controlled, of judging 
safely from short periods of observation, whether a mature subject tends to 
be in negative calcium balance. Normal adults are apt to pass alternately 
through periods of slightly positive, and slightly negative balances which 
rule each other out in their effects, in the long run.® 

Other findings on calcium and phosphorus have been published con- 
cerning: metabolic exchange as traced with Ca and P isotopes (284, 285, 
286); mineral density measurements in bone (287, 288); factors influencing 
Ca absorption (289 to 292); the effect of dietary calcium levels on growth 
(293); the influence of additions of calcium carbonate to the diet (294, 295); 
the calcium content of commercial bread (296); and the requirement of 
newborn infants (297). Evidence is also given of apparently normal diets 
among healthy populations, with calcium intake appearing to be low in 
relation to the National Research Council’s Recommended Allowances 
(298). 

Magnesium.—Very little is known regarding magnesium and investiga- 
tions on this aspect of mineral metabolism are scarce. There is obviously a 
gap in nutrition research in this respect. Attention has been paid however 
to the subject in the case of ruminants, namely, with regard to the avail- 
ability of magnesium in grass (299). 

Iron.—Additional information on the much investigated subject of 
iron metabolism in connection with nutritional anaemia has been gathered, 
e.g., among school children (300), college students in the U.S.A. (301), 
large population groups in Australia (302) and in Italy (303). Contrary to 
current views, iron in spinach has been reported to be largely available 
(304). Tropical anaemia among pregnant women, probably related to 
factors other than those that concern classical nutritional anaemia, was 
studied in the Belgian Congo (319). 

Cobalt.—Cobalt deficiency, as a disease, seems to exist only in ruminants. 
It has received much attention, particularly since this element has been 
recognized as an important constituent of vitamin By. The favorable re- 
sponse of cobalt-deficient lambs to liver extract treatment or to sufficiently 
large parenteral doses of vitamin B,2 has been recognized (233). It has also 
been shown that divalent radioactive cobalt ions are utilized by microor- 
ganisms and that a radioactive substance, supposed to be vitamin By, is 
then found in sheep feces (225). Cobalt is only efficient when administered 
orally: the element seems to be required by the bacteria of the rumen. The 
bacteria then produce anticobalt-deficiency substances which do not seem, 
however, to be vitamins of the B group; purified liver extracts have a ther- 
apeutic value when administered parenterally but not orally, whereas 


* In mentioning this, I am indebted to Professor R. Nicolaysen of Oslo, who has 
allowed me to quote some of his observations, as yet unpublished, which he presented 
in a lecture delivered at Brussels University in 1951. 
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parenteral treatment with apparently corresponding amounts of folic acid 
or vitamin Bj: have but little or no such value (305). The amount of cobalt 
required by ruminants seems to be definitely greater than that required for 
synthesis of vitamin By». 

Copper.—Copper deficiency, on the other hand, is a disease appearing in 
nonruminants, namely, in pigs. The requirements for copper have been 
extensively studied (306 to 310). 

Fluorine —Further research on fluorine and the part it plays in the 
prevention of caries has been reported (311, 312). Dental lesions, resulting 
on the contrary, from excessive amounts of fluorine have also been studied 
in livestock feeding (313). 

Iodine and goiter—Long-term experiments with rats, covering several 
successive generations of animals fed at different levels of iodine intake 
have been reported in connection with thyroid enlargement, growth, preg- 
nancy, and lactation (314). The study of goitrogenic factors of certain vege- 
table foods, in men and animals, has also received further consideration 
(315). Surveys in endemic goitrous regions have been made in different 
parts of the world (316, 317, 318). 

Sodium and potassium.—Sodium requirements have usually not been 
considered as a dietary factor in nutritional research because of the use of 
NaCl as an additional ingredient used in cooking in quantities adjusted to 
the need for osmotic regulation. The sodium-potassium balance in the diet, 
however, has received consideration with regard to hypotension induced 
by potassium deficiency in rats (320, 321, 322) and to the role of potassium 
in growth and bone formation (323). Salts used in cooking by African natives 
have also led to extensive study (318). 


NUTRITIONAL STATUS AND MALNUTRITION 


Numerous aspects of this part of our subject have already been dealt 
with in various sections of this review. Certain surveys, however, deal with 
problems that cannot be referred to one particular nutritional factor. They 
are mentioned therefore in this concluding section. 

Growth and stature-—The effect of growth and development on the chemi- 
cal composition of mammals has received much attention ia connection 
with “chemical maturity” and ‘‘chemical growth,” a concept to be opposed 
to growth and maturity as referred to physical standards (324, 325). A con- 
ference on growth was held by the British Nutrition Society, at which papers 
dealt with several subjects, such as: (a) optimal stature versus mental ability 
and optimal aptitude or behaviour or fitness regarding socially valuable 
performance; (b) phases of postnatal growth where it is recalled how con- 
siderable the variations may be in food consumption of children within the 
same age group; and (c) human foetal growth (326). The limitations of the 
“‘normal”’ body weight as a criterion of normality have received much atten- 
tion (12, 35, 327). Further surveys on somatic development have been 
reported (328 to 331), namely, on the variation of stature of adults as a 
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function of time (332), or of racial differences (318). Other racial differences 
have also been studied, in the past, among mature subjects of exceptionally 
small stature, such as the pigmies of the Belgian Congo. In very uncommon 
circumstances which made it possible to gain sufficiently the confidence of 
the natives, basal metabolic rates were found to be strikingly high in 
comparison to other native populations observed simultaneously in the 
same tropical region (319). The weight at birth and thereafter of the Congo- 
lese infants has been investigated in relation to diet (333, 334); influence of 
malnutrition may not show up in the average weights at birth but may 
reveal itself when the weights of the infants are followed at one year of age 
and above. 

Clinical appraisal of the state of nutrition.—Difficulties involved in the 
usual methods of clinical assessment of the state of nutrition, as expressed 
in terms suitable for large scale surveys in which evaluations have been 
attempted of the general condition of population groups in toto, have been 
subject to critical analysis; the advantages and limitations of the methods 
have been examined. Both intensive methods of clinical examination in 
individual cases, and more general appraisal in terms suitable for statistical 
treatment are two different aspects of the problem which deserve equal atten- 
tion (97, 335 to 338); several other nutrition surveys present data which 
bear on this same subject (298, 339, 340) 

Kwashiorkor, liver damage, and sprue—These forms of malnutrition, 
predominantly important in the tropics, have already been referred to in 
various parts of this review (pp. 360 and 370) dealing with proteins, amino 
acids, lipids, and vitamins of the B group (riboflavin, vitamin Bye, folic acid, 
choline, and undetermined animal protein factors). Several other clinical 
and experimental investigations have been reported on these subjects 
(99, 341 to 345). 

Dental caries.—Nutrition factors involved in the pathogenesis of dental 
caries have continued to receive attention. Our knowledge is progressing 
slowly in this complicated field of research, apart from the observations con- 
cerning the influence of fluorine. Confusion seems to result partly from 
the fact that proper distinction between caries and erosion has not always 
been sufficiently recognized, partly because endogenous and exogenous factors 
both probably play independent parts in the causation of caries, and also 
because different processes leading to various kinds of caries may have to be 
taken into account. The influence of carbohydrates in various forms (refined 
sugars) in cariogenic diets has been investigated (346, 347, 348), also in 
relation to soil differences in the United States (349) and in French West 
Africa (99). 

Reproduction, sexual glands, and nutrition.—Certain studies refer to 
nutritional aspects related to pregnancy, lactation, and chemical trans- 
ference to the embryo (350), to nutritional factors in reproductive failure 
(351), to the effect of malnutrition on secretory function of male accessory 
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glands of reproduction (352), and to the association of sterility in rabbits 
with soybean hay feeding (353). 
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CHEMISTRY OF MUSCLE 


By M. DuBuIsson 
Department of General Biology, University of Liége, Liége, Belgium 


This review covers the period 1949 to 1951. Some papers which appeared 
earlier are cited because of the necessity of discussion; others which appeared 
in the period covered by this review are not discussed in view of the lack 
of space. The review is divided under the following headings: (a) general 
information, (b) architecture of muscle, (c) ions, (d) enzymes, (e) other 


proteins, (f) comparative biochemistry, (g) degeneration, dystrophy, 
ischaemia. 


GENERAL INFORMATION 


A discussion on muscular contraction and relaxation, their physical and 
chemical basis, was held at a meeting of the Royal Society of London in 
July, 1949, with A. V. Hill as the leader of the discussion. The papers have 
been published (8, 11, 19, 81, 93, 95, 131, 189, 190, 211, 231, 232, 315). 

A symposium on the biology of normal and pathological muscle took 
place in the Abbaye de Royaumont, near Paris, in August, 1950. The 
discussion was introduced by Dubuisson, and papers were presented by 
Bailey, Banga, Buchthal, Couteaux, Fischer, Kalckar, Nachmansohn, 
Sten Knudsen, and by many pathologists. These papers will be published 
soon by the Council of the Coordination of International Congresses of 
Medical Sciences of the United Nations Educational, Scientific and Cultural 
Organization. General information on muscle physiology and muscle bio- 
chemistry can be found in references 132, 202, 246, 289, 299, 


ARCHITECTURE OF MUSCLE 


The axial periodicity of about 400 A, the existence of which has previ- 
ously been suspected by Hall, Jakus & Schmitt (119) [see also Schmitt (254)], 
has been described in more detail by Draper & Hodge (70, 71), who examined 
striated muscle of the toad with the electron microscope. The pattern is 
analogous to that observed in other fibrous proteins (collagen, keratin); 
there is no reason to suppose that it has any specific connection with the 
contractile function. In addition to the 400 A periodicity, Bennett (25) 
describes a zigzag structure which is interpreted as the image of a helical 
thread about 50 A thick within the myofibril. According to Pease & Baker 
(220), the myofibril has a tube-like structure the wall of which contains the 
myosin filaments and also an “‘A-substance.’’ The core is aqueous. 

The basophilia of the A band has been interpreted by Mandel, Jacob 
et al. (44, 191) as due to the presence of ribonucleic acid. Their results are 
at variance with earlier experiments of Dempsey (64). More work seems to 
be needed to clarify this point. 
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Shadowed electron micrographs show that myofibrils consist of bundles 
of long filaments overlaid and perhaps interpenetrated by a structureless 
material whose distribution determines the banded character of the muscle 
[Rozsa, Szent-Gyérgyi & Wyckoff (242)]. These authors affirm that the 
width of the myofibrils is very uniform; no variation could be detected 
in a constant width of about 100 A, in contradistinction to Hall, Jakus & 
Schmitt (119), who found diameters varying between 50 and 250 A. 

Electron microscopy investigations on transverse sections of striated 
muscle fibres of the psoas muscle of the rabbit show that there is a three- 
dimensional, and by definition crystalline, order in the arrangement of the 
macromolecular components of the fibrils. The regularity is most pronounced 
in the A bands (241). General considerations on x-ray and electron micro- 
scope studies of muscle have been published by Astbury (7). 

Garay & Gerendas (104) studied the effect of ultrasonic vibrations on 
muscle fibres in vitro. The polarization-microscopic photographs made 
from the preparations show that the muscle fibres fray apart longitudinally 
(fibrillarily). If the fibres, in consequence of dissolution by the action of a 
salt solution, no longer contain actomyosin, they split up perpendicularly 
to the length of the fibre. The authors explain the phenomenon by the as- 
sumption that in the untreated fibres the chemical bond of the polypeptide 
chain of the contractile protein is stronger than the force holding the fibril 
sideways. 


Ions 


The kinetics of the transfer of Nat and Kt between muscle and the sur- 
rounding medium has been carefully studied by Harris & Burn (124, 125). 
Transfer of Kt and Nat in K deficiency in rats was investigated by Gardner, 
MacLachlan & Berman (105). In rat gastrocnemius muscle, removed 0 to 
20 days after the sciatic nerve had been cut, the Mg content remained 
unchanged whilst Na and Ca increased approximately 40 per cent over the 
20 days; K decreased approximately 20 per cent [Humoller, Griswold & 
McIntyre (140, 141)]. No evidence has been found, by centrifugal separation 
of components of a frog muscle homogenate, for K binding [Steinbach 
(284)]. Other studies upon ion exchange in muscle will be found in the 
following papers: 47, 51, 183, 184, 209, 256, 257, 286, 287. 


ENZYMES 


General methods.—By means of a set of solubility curves at varying pH 
and constant ionic strength made on muscle extracts, Distéche (66, 67, 68) 
succeeded in isolating a certain number of crystallized proteins among which 
were aldolase, glycerophosphate dehydrogenase, and probably myokinase. 

Separation of muscle enzymes by use of acetone, low ionic strengths 
(4~0.03), and low temperatures has been carried out by Askonas (3, 4). 
The author affirms that the separation is sharper than with ammonium 
sulphate, with which the enzymes tend to spread over wide salt concentra- 





— A = — @® OD 


— ss - 


-. fr ans oe ae 2 





CHEMISTRY OF MUSCLE 389 


tions. If the ionic strength is increased from 0.03 to 0.1, the sharpness of 
separation decreases. When alcohol is used, electrophoretic analysis shows 
that the faster moving components are precipitated by lower alcohol con- 
centrations than the slower components (which is not the case with blood 
plasma). 

Phosphorylase-—Kritskij (172) describes a new method of preparing 
crystalline phosphorylase. According to Cori & Larner (48), muscle phos- 
phorylase preparations after two or three crystallizations are still contami- 
nated with a small amount of glucosidase. More crystallizations are neces- 
sary to remove the last traces of this enzyme. Feigin, Frederick & Wolf 
(97) suggest that muscle phosphorylase in whole muscle is in the form of 
a holophosphorylase of which many properties are given. Cohn (46) 
investigated the dephosphorylation of glucose-1-phosphate by muscle 
phosphorylase and showed that the rupture of the bond occurs between 
carbon and oxygen and that the participation of the enzyme in the reaction 
probably introduces steric constraints which prevent a Walden inversion. 
The study of the degradation of branched polysaccharides (glycogen, 
amylopectin) by recrystallized muscle phosphorylase made by Hestrin 
(128) shows that the action is similar to that previously reported for potato 
phosphorylase. Sri Ram & Giri (280) have shown that the enzymatic activity 
of phosphorylase-a is inhibited by ascorbic acid Chloropicrine at pH 8.2 is 
likewise inhibitory according to Benard (24). 

According to Fuld & Schmidt (102), skeletal muscle contains 12 to 20 
per cent more phosphorylase than does heart muscle. In the rat, the phos- 
phorylase activity increases during fasting and decreases on refeeding. The 
change in the relative proportions of the two forms of phosphorylase sug- 
gests an alteration in the activity of the prosthetic-group removing enzyme 
[Lundbaeck & Goranson (188)]. 

The equilibrium constant of phosphorylation by phosphatase for a 
number of ordinary ester phosphate bonds was studied by Meyerhof & 
Green (198). The speed of enzymatic synthesis of glycerophosphate is 
increased two- to four-fold in the presence of phosphate compounds of 
higher energy content. Phosphocreatine is particularly effective. Other 
studies on phosphorylase can be found in the following papers: 225, 226, 
239. 

Hexokinase.—Wajzer (309) describes a spectrophotometric method of fol- 
lowing the action of hexokinase. The method is based upon the lowering of 
pH following the action of the enzyme. According to Slein, Cori & Cori 
(264), two hexokinases are involved in the phosphorylation of fructose and 
glucose in rabbit muscle. Both enzymes are activated by Mn**. 

Muscle hexokinase activity is inhibited by the L-isomer of the DL- 
glyceraldehyde [Rudney (244)] and also by alloxan [Griffiths (116)]. More 
than one molecule of cysteine is needed to release the inhibition of the 
enzyme by one molecule of alloxan. The author suggests that inhibition 
is effected by more than thiol destruction alone. According to Stadie & 
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Hlaugaard (281), the diabetic state induced by alloxan, however, does not 
alter the hexokinase reaction in muscle extracts. A study of the action of 
insulin on hexokinase has been made by Ruffo & Cennamo (245). 

The mean hexokinase activity of aqueous extracts of leg muscle is 
significantly enhanced in thyroxine-treated rats, but the im vitro addition 
of either L- or pL-thyroxine or thyroglobulin has no significant immediate 
influence on the activity of rat muscle hexokinase [Smith & Williams-Ashman 
(265)]. This enhanced muscle hexokinase activity can perhaps be correlated 
with the increased rate of carbohydrate metabolism in experimental hyper- 
thyroidism. 

In connection with the augmentation of cell respiration caused by low 
concentrations of 2,4-dinitrophenol (DNP), Pierce & Field (227) have 
shown that the glycogen breakdown in rat diaphragm is greatly accelerated 
in presence of 4.76X10-5M DNP. The increase in oxygen can be approxi- 
mately accounted for by the increased glycogen breakdown occurring with 
DNP. 

Epinephrine injection in rats does not seem to affect the hexokinase 
activity of the muscle, but there is a decreased rate of adenosinetriphosphate 
(ATP) resynthesis in the extracts obtained from animals treated with 
epinephrine [Cohen & Needham (45)]. 

Enzymatic synthesis of glucose diphosphate with rabbit muscle extracts 
has been studied by Paladini e¢ al. (217). The reaction, ATP +glucose-1-phos- 
phate-—glucose diphosphate+ADP, is accelerated by Mg and Mn ions. 

Glucose-1,6-phosphomutase—A new method of preparation has been 
published by Jagannathan & Luck (153). Sutherland (291) studied the 
activation of the enzyme from skeletal muscle by metal-binding agents. 
This activation is distinct from that by glucose-i,6-diphosphate which 
alone does not activate. A mechanism of the phosphoglucomutase reaction 
has been proposed by the same author (292, 293). According to Stickland 
(285), the greatest activity of the enzyme is found to occur only in the simul- 
taneous presence of hexosediphosphate, Mgt* and another metal (Al***, 
Fet* etc.). 

Aldolase-—Dounce, Barnett & Beyer (69), with a new method for the 
determination of aldolase, made further studies on the kinetics of this 
enzyme. Baranowski & Niederland (18) succeeded in preparing aldolase 
crystals by Taylor’s method (304) with the same activity as that reported 
by Warburg & Christian (311). The earlier discrepancy between the turn- 
over numbers seems to be due to difficulties with the enzymatic test. By 
prior determination of salting-out limits and solubility minima, Distéche 
(67) has prepared aldolase crystals at pH 5.83 (needles) having the same 
activity as mentioned by Warburg. 

Determinations of aldolase in different animal tissues have been made by 
Slibey & Lehninger (259). Activity determinations during the extraction 
procedure were made (rabbit extracts) by Glikina & Finogenov (112). 

Triosephosphate isomerase—Oesper & Meyerhof (216) show that, in 
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tissue extracts where other enzymes may interfere, the most suitable 
method of studying the isomerase reaction consists in the chemical determi- 
nation of the disappearance of p-glyceraldehyde-3-phosphate. The activity 
of muscle isomerase is about 40 to 200 times as great as that of aldolase, if 
the speed is measured under similar conditions. At pH 6.0, oxidized glu- 
tathione inactivates the enzyme in the presence of diphosphopyridine 
nucleotide (DPN), but DPN protects the enzyme against inactivation by 
oxidised glutathione above pH 7.6 [Labeyrie (180)]. 

Dehydrogenases.—Inactivation of triosephosphate dehydrogenase by 
cold and reactivation by heat have been studied by Rapkine, Shugar & 
Siminovitch (235, 236). Partial reactivation of the same enzyme by irradi- 
ation in the near ultraviolet was observed by Shugar (258). 

Baranowski (17) has shown that myogen A contains glycerophosphate 
dehydrogenase. The enzyme has been isolated in the form of rhombic 
plates and has a turn-over number of 26,500, at 20°C. and pH 7.0. Rabbit 
muscle contains about 0.015 gm. of this protein in 100 gm. of tissue. Crystals 
(thin plates), isolated by Distéche (68a) at pH 5.59 from muscle extracts 
by his new method, showed a glycerophosphate dehydrogenase activity 70 
times as high as the activity shown by myogen A crystals obtained from the 
same medium. However, the maximum activity obtained by Baranowski 
was not reached. Great instability and abnormal behavior of the enzyme 
toward dilution was observed. 

According to Labeyrie (180), DPN has a protective action on the 
spontaneous inactivation of p-3-glyceraldehyde phosphate dehydrogenase. 
Cori, Velick & Cori (49) have examined the possibility that this enzyme 
contains two catalytic sites having dissociation constants with DPN which 
differ by a factor of 100 or more. 

Grafflin & Ochoa (115) have studied the isocitric dehydrogenase and an 
oxalosuccinic carboxylase from pig heart. No separation of the two activities 
has thus far been accomplished. 

Phosphoglyceromutase—The enzymatic equilibrium of the reaction 
catalysed by this enzyme was calculated by Meyerhof & Oesper (199). 
This enzyme requires the presence of catalytic amounts of 2,3-diphospho- 
glyceric acid for its activation [Sutherland, Posternak & Cori (294)]. 

Adenosinetriphosphatase—Numerous publications have appeared again 
concerning the adenosinetriphosphatase activity of myosin. This activity 
is inhibited by ninhydrin [Gilmour & Calaby (111)] and by posterior pitui- 
tary extracts [Binkley (29)]. When it is inhibited by Cu, myosin can be 
reactivated by cyanides [Binkley (29)]. According to Hobbiger (134), 
Dickens & Glock (65), the oxidizing agents which reversibly inhibit the 
adenosinetriphosphatase activity of myosin also affect muscular activity. 
Spicer (276) shows that myosin remains enzymatically active even better 
in isoelectric precipitates in the cold than in a KCI solution. Ouabain has a 


stimulating action on myosin adenosinetriphosphatase of beef heart [Edman 
(91, 92)]. 
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According to Steinbach (282), the pronounced calcium activation of 
frog muscle adenosinetriphosphatase associated with myosin does not occur 
in whole frog muscle homogenates. The activation follows the depression 
of activity occasioned by extraction with strong KCl. Whether this is a 
function of Ca bound to the insoluble portion or whether the activity of the 
enzymes in the original preparation is due to structural relations with other 
organic components is not known. 

The use of myosin adenosinetriphosphatase alone, and in conjunction 
with myokinase, is, in theory, ideal for the determination of mixtures of 
ATP and adenosinediphosphate (ADP). Bailey (10) pointed out that the 
practical application is more difficult than was at first realized. First, it is 
not easy to obtain myosin preparation free from myokinase for the assay of 
ATP. Moreover, the hydrolysis of ATP by myosin adenosinetriphosphatase 
is too slow in the later stages of the reaction. The use of potato apyrase is 
on the other hand not entirely specific and shows a feeble inorganic pyro- 
phosphatase activity. The best method for the assay of mixtures of ADP 
and ATP should be the use of hexokinase acting singly and in conjunction 
with myokinase [Kalckar (160)] “if the preparation of pure hexokinase was 
not a formidable task”’ [see Bailey & Webb (13)]. 

Bailey (10) criticizes the claims of Banga (14) and of Banga & Josepovits 
(15, 16) with respect to the action of myosin on ATP which would produce 
an isomeric ADP in which a phosphate group is linked to the amino group 
of adenine. Not only are Banga’s results “unwarranted on the experimental 
evidence, but they can readily be explained in terms of known enzyme sys- 
tems.” 

Hermann & Josepovits (127) claim that myosin contains adenylic acid 
deaminase which is equally active and bound in the same way to myosin 
as adenosinetriphosphatase. New investigations have been made by Kielley 
& Meyerhof (166, 167, 168) on the magnesium-activated adenosinetriphos- 
phatase which remains in muscle extracts after the myosins have been 
removed. It is a phospholipid enzyme in which the choline-containing 
component is essential for the characteristic enzymatic activity. It splits 
only one phosphate from ATP and has its optimum activity at pH 6.8. 
Ca* acts as an inhibitor. 

According to Marquette & Schweigert (192), the adenosinetriphospha- 
tase system of intact muscle is essentially stable for a considerable period 
after the animal is killed. Other investigations on the adenosinetriphospha- 
tase activity of aqueous extracts of rabbit muscle have been reported by 
Humphrey (142). Interesting considerations on “high energy phosphate 
bonds” of biochemical interest have been developed by Hill & Morales (133) 
with a discussion on the transfer of electrostatic free energy in ATP into 
available energy. 

Other enzymes.—Phosphomannose isomerase has been prepared from 
rabbit muscle by Slein (263). Wajzer (310) considers that glucose is involved 
only in the respiration mechanism and fructose in the glycolysis mecha- 
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nism. If these two hexoses seem often equivalent, it is because their equi- 
librium is catalyzed by oxo-isomerase. 

Menne (196) has studied the enzymatic transformation of histidine into 
creatine. In anaerobic conditions, the splitting of histidine goes on, but 
there is no formation of creatine. The existence of two enzymes is postulated. 
It has been found by Askonas (3) that pL- and L- thyroxine, in vitro, strongly 
inhibit the activity of purified creatine phosphokinase. The inhibition 
seems to be due to an oxidation of the -SH groups of the enzyme. 

The proteolytic activity of striated rabbit muscle has been studied by 
Snoke (271). 

Owing to the fact that the oxygen consumption of muscle from vitamin- 
E deficient animals is considerably greater than that of normal muscle and 
is quickly restored to the normal level if a-tocopherol (TPh) is given, studies 
of the action of a-TPh on enzyme systems of muscle are of considerable 
interest. Jacobi et al. (150, 151, 152) have confirmed that a-TPh strongly 
inhibits the succinoxidase system, a fact first observed by Houchin (138), 
by an action on some unidentified mediator which possibly operates between 
cytochrome-b and cytochrome-c (1 X10-*M exerting 83 to 98 per cent inhi- 
bition). Very low concentrations of a-TPh (2.5X10-°M to 5X10-*M) 
stimulate the succinoxidase system. a-TPh inhibits also a malic oxidase 
system employing cytochrome-c and cholinesterase; it has litile or no 
effect on a malic oxidase-methylene blue system, a lactic oxidase-methylene 
blue system, D-amino acid oxidase, uricase, and an adenosinetriphosphatase 
system containing Ca. In view of these results, the authors suggest that the 
marked inhibition of succinoxidase by 1 X10~*Ma-TPh cannot be attributed 
to a non-specific detergent action. 


OTHER PROTEINS 


Extractibility—The extractibility of muscle proteins depends not only 
on the solubility characteristics of the proteins but also upon the firmness 
of the binding forces which maintain those proteins im loco and in situ and 
upon the dissociation power of the salts used [Dubuisson (77, 78, 79, 82, 83, 
85)]. It depends also on the physiological state of the muscle. When the 
muscle is frozen in the contracted state or contracted by rigor mortis or 
by monobromoacetate [Crepax (55); Crepax, Jacob & Seldeslachts (59)] as 
distinct from the fatigued state, the myosin and Y-protein [Dubuisson 
(79)] are much reduced, or absent, in the extract, and a new protein appears 
which has been called contractin or myosin-y. When muscle is allowed to 
relax, it yields the same extracts as normal muscle. The changes of extracti- 
bility are therefore rapidly reversible, and this change in the condition of 
these structural proteins must reflect some event connected with the con- 
tractile elements themselves. Neither the soluble metabolic reactants nor 
the decrease in amount of ATP are responsible for these changes. 

Concerning the contraction induced by thawing, although the ATP of 
rabbit muscle is hydrolyzed entirely as soon as the contraction of release 
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from the frozen state has been established, the extractibility of the muscle 
proteins remains quite normal [Crepax & Hérion (58)]. The mechanism of the 
contraction by thawing is thus quite different from a physiological contrac- 
tion or contracture. 

Bate-Smith & Bendall (21, 22, 23) have made new observations in 
connection with the causes and the time course of development of rigor 
mortis. Two factors are predominant: (a) the pH of the muscle at the 
moment of death; (b) the reserve of glycogen. The onset of rigor coincides 
with the disappearance of ATP from the muscle. The same authors had 
previously reported that the injection of myanesin retards the establishment 
of rigor mortis (22). An investigation of Crepax (58) shows that in this case 
the extractibility of the proteins remains normal a long time after the ATP 
has disappeared from the muscle. In a muscle contracted by monobromo- 
acetate, the extractibility of the proteins is the same as from that of a muscle 
in a state of complete rigor, although a noticeable amount of ATP is still 
present in the tissue. When a muscle is deprived of its ATP by previous 
treatment with glycerol, the extractibility is not the same as is observed in 
complete rigor mortis or in contraction by monobromoacetate. This shows 
that parallelism between protein extractibility, rigor and ATP hydrolysis is 
not at all a general phenomenon. See also Crepax (56). 

Borbiro & Szent-Gyérgyi (33) have shown that in the psoas muscle of the 
rabbit the post mortem decomposition of ATP and the loss of contractility 
are parallel. 

The protein composition of mild extracts of rabbit muscle has been in- 
vestigated by Amberson et al. (2). Changes in the extractibility of muscle 
proteins in different extraction mixtures and after narcosis are reported 
upon in the papers of Gebers & Deuticke (106) and Ménninghoff (206). 
An electrophoretic study of the extractibility of muscle proteins after treat- 
ment of the muscle by organic solvents has been published by Dubuisson (80). 

Myogens.—Distéche (68a) was able to prepare myogen A crystals with 
only 3 per cent aldolase and 0.03 per cent glycerophosphate dehydrogenase 
activity. Baranowski (17) has shown that myogen A contains also L-a-glyce- 
rophosphate-dehydrogenase and has prepared crystals containing up to 35 per 
cent aldolase. The complexity of the fraction used to prepare myogen A 
and B was shown by the solubility curves at varying pH and constant ionic 
strength made by Distéche (66, 67), He found eight different proteins pre- 
cipitating between 50 and 66 per cent saturation and was able to crystallize 
five of them. Three of those crystalline proteins were identified with myogen 
A, aldolase, and perhaps glycerophosphate dehydrogenase; the two other 
kinds are unknown. 

Myoalbumin.—It is unfortunate that we know but little more about the 
myoalbumin of Bate-Smith for it seems to play an important role in the 
building up of other muscle proteins during the embryonic development 
of muscle fibres [Crepax (57)]. There is a noticeable increase in the myoal- 





bun 
52... 


isole 


(20: 
dep 
twe 


Du 
by 

cur 
con 
By 
diss 
twe 


(20 





CHEMISTRY OF MUSCLE 395 


bumin content in denervation atrophy of striated rabbit muscle [Crepax 
52, 53, 54)]. 

Globulin X.—Petrova (224) suggests that the enzyme amylopectase 
isolated by her may be a part of the globulin X fraction of the muscle. 

Myosins.—For the preparation and criteria of purity, see Mommaerts 
(205). The isolectric point of myosin, as measured by its solubility minimum, 
depends on the ionic strength of the solution between very wide limits: be- 
tween pH 8.00 and pH 3.50 [Sarkar (247)]. 

The hydrogen dissociation curves of myosin, first investigated by 
Dubuisson (74, 75) and Dubuisson & Hamoir (87), have been studied again 
by Mihalyi (200) using pure myosin proper solutions. The analysis of the 
curves led to the following stoichiometric estimation: 10° gm. of myosin 
contain 165 carboxyl, 16 imidazole, 91 lysine, and 43 guanidinium groups. 
By employing apparently monodisperse myosin solutions, the angular 
dissymmetry of light scattering of myosin solutions has been measured at 
two wave lengths. The results are compatible with the assumption that the 
myosin molecule is rod-shaped and has a length of 1500 A [Mommaerts 
(203)]. 

Actin.—A new method of purification of actin has been published by 
Mommaerts (204). The amino acid composition of rabbit actin has been 
studied by Ivanov (149). G-actin always contains a certain amount (~ 1 per 
cent) of ATP [Straub (288); Straub & Feuer (290); Dubuisson (84, 89); 
Laki, Bowen & Clark (182)]. According to Straub (290), ATP acts as a 
stabilizing factor but also takes part in the process of polymerization. When 
G-actin is polymerized by any salt, ATP is transformed into ADP (ATP is 
here evaluated by the decrease in viscosity of an actomyosin solution). 
During the process of depolymerization, Szent-Gyérgyi (301) did not observe 
a synthesis of ATP. Polymerized actin can be depolymerized when the 
solution is dialyzed against very dilute ATP, in which case a globular-actin 
is produced which contains again ATP in bound form [(290); see also Mom- 
maerts (204)]. Laki, Bowen & Clark (182) have confirmed the role played 
by ATP in the process of polymerization. The ATP content of the super- 
natant of the polymerized actin was smaller than that of globular actin. 
The difference was however small [estimation of ATP before and after 
polymerization was here measured by the reduction of triphosphopyridine 
nucleotide (TPN)]. The same authors showed that when actin is precipitated 
isoelectrically, ATP separates from the protein. This shows that ATP in the 
original extract is either in solution or very loosely bound to the protein 
molecules. Dubuisson (76, 84, 89) confirmed the presence of ATP (~1 per 
cent) in G-actin, but found no difference between the amount of ATP 
before and after polymerization. But the same author showed that, when 
G-actin polymerizes into F-actin, H ions are liberated: 45 X10~ equiv./gm. 
(polymerization by Ca ions) or 3.5 X10~* equiv./gm. (polymerization by K 
ions). This has been shown in the Warburg apparatus, by pH measurements 
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and by electrokinetic investigations. When F-actin is irreversibly depoly- 
merized, H ions are taken off. These exchanges of H ions can by no means 
be explained by a splitting off of ATP, the concentration of which would 
have to be as high as 33 per cent to explain the H* exchanges. 

Electrophoretic measurements on F-actin and irreversibly depolymerized 
F-actin (by Nal) have been made by Dubuisson (84, 89). F-actin 
moves faster (—9.3X10-'cm.*sec.'volt™ at pH 7.60 and ['/2 =0.15) 
than depolymerized F-actin (—6.4 X 10-°cm.*sec.'volt“) which suggests that 
the isoelectric points of the two compounds are not the same. This is in 
agreement with the exchange of H ions which accompanies the polymeriza- 
tion of G-actin. Electrophoresis studies made by Spicer & Gergely (279) on 
actin show several peaks, but it remains doubtful if they correspond to real 
components, for the electrophoretic study of a gel, such as a G-actin solution, 
presents many difficulties. 

According to Kuschinsky & Turba (177, 178), SH-groups are involved in 
the conversion of G-actin to F-actin. The effect of urea on actin polymeriza- 
tion has beeen studied by Szent-Gyérgyi & Rosalie (302). The effect of 
halogen ions on F-actin was studied by Guba (118). Electron microscope 
investigations have shown that the polymerization of G-actin takes place 
in two steps: the small globules (mol. wt. ~70,000) first unite into large 
globular units (mol. wt ~1,500,000); these units then unite to form threads 
[Rozsa, Szent-Gyérgyi & Wyckoff (240)]. 

The antigenic properties of actin and myosin have been studied by 
Kesztyiis, Nikodémusz & Szilagyi (164, 165). 

Actomyosin.—Portzehl, Schramm & Weber (229) describe a method 
which allows a very good separation of myosin proper [L-myosin, which 
means “‘Leichte’’ myosin, first discovered by Schramm & Weber (255)] from 
actomyosin by dialysis against dilute salt solutions. In the same solution, 
several actomyosins of different sedimentation constants can be detected 
by ultracentrifugation. This disproves the earlier conclusions of Snellman 
& Erdés (269) and means that actin and myosin combine step by step to 
form actomyosins of quite different sedimentation constants. 

In contradistinction with the results of Snellman & Erdés [(268); see 
also Spicer & Gergely (278)], Portzehl (228) found that solutions of myosin 
proper are monodisperse if precautions are taken to discard the denaturation 
products. The particle weight of myosin has been calculated by Portzehl 
( ~845,000). The particle has a length of 2300 A and is one hundred times 
less in width. This corresponds to no more than 4 to 6 a-type peptide chains. 
Light-scattering measurements made by Mommaerts (203) are compatible 
with the assumption that the myosin molecule is rod-shaped and has a 
length of 1500 A. 

Ultracentrifugation experiments have shown that in the presence of 
ATP, the actomyosin peaks disappear at the expense of the myosin peak 
{Johnson & Landolt (155); Hamoir (120, 122); Portzehl & Weber (230)]. 

Actomyosin shows an absorption maxima at 2590 A resulting from the 
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presence of adenine [Buchthal et al. (36)]; after treatment with ATP and 
washing the precipitated actomyosin two or three times, a displacement of 
the maximum was observed towards shorter wave-lengths (2540 A), prob- 
ably because of a deamination of loosely bound adenine nucleotide. Morales 
(207) describes rapid and reversible shifts in ultraviolet absorption during 
the reaction of actomyosin with ATP. Ultraviolet absorption spectra of 
actomyosin have also been studied by Schauenstein & Treiber (251) and by 
Burgermeister & Schauenstein (37). Infrared absorption spectra of muscle 
and actomyosin preparations have been investigated by Morales & Cecchini 
(208). In comparing unexcited and isotonically contracted muscle, there 
appear to be spectral differences near 930 cm™ and 1200 cm™; the changes 
around 1200 cm™ confirm the earlier work of Dubuisson, Lecomte & 
Monnier (88). 

The dissociation of actomyosin by high salt (2 M KCl), described by 
Guba (117), seems dubious as shown by Portzehl, Schramm & Weber (229). 
A comparison of actomyosin formation in different muscle preparations has 
been made by Szent-Gyérgyi (297). 

Y-protein.—This new protein has been extracted by Dubuisson (79) 
from rabbit muscle extracts. It becomes inextractable from contracted 
muscles because of the presence of strong linkages between this protein and 
the muscle stroma in the contracted state. This new protein, extractable 
only with rather high salt solutions (KCI 0.6 4%), is insoluble in water but 
fairly soluble in solutions at '/2 of 0.005. 

Tropomyosin.—Tropomyosin, which is a prototype of myosin, similar 
in physico-chemical properties and amino acid pattern, has been further 
studied by Bailey & co-workers (1, 9, 10, 11, 12, 13). In salt solutions at 
pH 6.5, the average particle weight falls as the ionic strength of the solute 
increases. In its monomeric form, tropomyosin has a particle weight of 53,000. 
Tropomyosin, like myosin, appears to consist of cyclopeptides: Sanger’s 
fluorodinitro-benzene method, applied to the study of the terminal amino 
groups, shows no end-groups. Whether the double chain is held together 
through the side chains or the backbone linkage is unknown. The approxi- 
mate dimensions of the monomer are as follows: length 385 A, mean width 
14.5 A, axial ratio 25 [Tsao, Bailey & Adair (306)]. 

Nucleotropomyosin.—By extraction of fish muscle with salt solutions 
of ionic strength 0.5 and pH 5 to 6, extracts are obtained from which two 
tropomyosins have been isolated, one identical with Bailey’s tropomyosin 
and another resulting from the association of the previous compound with 
ribonucleic acid [Hamoir (122)]. Nucleotropomyosin shows the same solu- 
bility properties as tropomyosin but differs by its coprecipitation with the 
myosins at low salt concentration, by its sedimentation constant, and appar- 
ently by the form of its crystals. These properties, especially the shape of the 
sedimentation gradient and the value of Sa», suggest that the molecular 
weight of nucleotropomyosin is much higher than that of tropomyosin and 
that its asymmetry is also much more pronounced. 
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N-protein.— Dubuisson & Fabry-Hamoir (86) and H. H. Weber! failed 
to extract from striated muscle fibres a negative doubly refractive protein, 
the existence of which had been previously ascertained by Matoltsy & 
Gerendas (193). 


SYNERESIS OF ACTOMYOSIN 


A large amount of work has been done on actomyosin threads and 
glycerol-treated muscle fibres, but the interpretation remains open to 
criticism, 

Studies of Botts, Johnson & Morales (34) and Botts & Morales (35) show 
the important role played by H-bonds in cross-linking actomyosin. They 
conclude that the behavior of ‘‘native’’ actomyosin threads can be inter- 
preted on the assumption that they have an essentially entropic tension 
which is ordinarily opposed by the electrostatic repulsion of ionized groups 
on the chain molecules. Ivanov (147) has studied the interaction of actomyo- 
sin and ATP. He concludes that the primary reaction of actomyosin gel to 
ATP is a syneresis. Although a muscle fibre, contracted by application 
of ATP, relaxes on washing, an actomyosin fibre does not relax under similar 
treatment (148). According to pH measurements in experiments by Fabry- 
Hamoir (96), the reaction between actomyosin and ATP is not dependent 
on the formation of ester bonds between the OH acid groups of ATP and 
the polar groups of actomyosin, especially its SH groups as suggested by 
Binkley (28). 

Irreversible changes in the ultraviolet absorption spectrum were ob- 
served by Tarver & Morales (303) in the interaction of actomyosin, ADP, 
ATP, 5-adenylic acid, and adenosine. These changes resulted from deamina- 
tion of the adenosine derivatives. 

Shrinking of actomyosin gels under the influence of ATP is dependent 
upon pH [Gergely & Spicer (110)]. Using glycerol-treated fibres prepared 
according to Szent-Gyérgyi, Weber (316) shows that at 20°C., in presence 
of ATP, the tension developed by the fibres is~2 to 3 kg./sq.cm., a value 
which is also given by the living muscle during physiological shortening. 
See also Varga et al. (308). When actomyosin threads, prepared according 
to Buchthal, are used, a tension of 100 to 200 gm./sq.cm. is obtained 
[Portzehl & Weber (230)]. 

If a glycerol treated muscle fibre, under tension with ATP, is suddenly 
allowed to shorten by 1 to 4 per cent, the tension falls abruptly to a low 
value (quick release) and then rises again almost to its original value [Weber 
[317)]. 

Only ATP, ITP [Spicer (277); Lajtha (181)], phosphocreatine [Lajtha 
(181)], and ADP induce contraction, but the presence of myokinase, which 
transforms ADP into ATP in the actomyosin threads is not excluded. 
Quantitative evaluations have shown that 4X10-*M ATP is close to the 
optimum to induce the contraction of the non-conducting fiber but concen- 


1 Personal communication. 
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trations as low as 1 X10-*M have a measurable effect. The extent of shorten- 
ing increases strongly with temperature, for each 10°C. (between 10° and 
37°C.) by a factor of 1.9 [Korey (170)]. The same author showed that fibres 
preserved in glycerol retain their ability to contract when their adenosine- 
triphosphatase activity is 6 wg P/mg./15 min. or above. Below this level 
contraction is absent. According to Sarkar, Szent-Gyérgyi & Varga (248), 
adenosinetriphosphatase activity of glycerol extracted muscle is maximal 
at the height of isometric tension and very much resembles that of the 
superprecipitated actomyosin. See also Biro & Szent-Gyérgyi (32). 

Szent-Gydrgyi (296) claims that the contraction of the actomyosin 
model is similar to that observed when a completely frozen muscle is thawed. 
The thaw rigor is accompanied by a decrease in length (about 70 per cent), 
but also by a great loss of water, a breakdown of ATP and of phosphocrea- 
tine, and formation of much lactic acid [Godeaux (113)]. Only those muscles 
poisoned with monoiodoacetic acid do not shorten in thawing [Godeaux 
(113); Perry (221)]. 

According to Perry, the shortening of glycerol treated fibres by ATP is 
due to synaeresis, in situ, of the actomyosin in myofibrils. It results from the 
disorganization of the muscle protoplasm produced by the freezing and 
subsequent thawing; the ATP, which must be bound or localized in the rest- 
ing muscle, can act on the myofibril in a manner similar to its action i# 
vitro, on the actomyosin thread. Using a collagenase obtained from 
Clostridium Welchii, Perry (223) has shown that it is possible to disintegrate 
only the connective tissues of the muscle and so obtain a fine dispersion of 
intact myofibrils. They shorten to about 25 per cent of their initial length 
in the presence of 0.001 M Mg and 0.0004 M ATP. The myofibrils also 
decompose ATP (222) and shortening is most marked at approximately 
that concentration of MgCl. which gives optimum adenosinetriphosphatase 
activity. If the muscle is subjected to freezing and thawing, there is gross 
disruption of the structure, and normal myofibrils cannot be obtained. The 
shortening of the myofibrils is longitudinal with little or no lateral change 
and thus resembles normal muscle contraction more closely than that of 
actomyosin threads. Unlike extracted actomyosin, intact myofibrils have 
Mg-activated adenosinetriphosphatase activity in the presence of 0.1 M 
KCl and also myokinase activity. The last can be almost entirely removed by 
repeated washing at the centrifuge. 

By weakening the muscle cell with trypsin at 0°C. and pH 7, Schick & 
Hass (252, 253) have indicated a useful method for obtaining myofibrils. 
These fibrils shorten in the presence of ATP, like actomyosin threads. Unfor- 
tunately, trypsin seems to have a considerable effect on the myofibril itself 
and on myosin [Gergely (110)]. To Szent-Gyérgyi (299), the differences in 
shortening of extracted fibres, actomyosin threads, and intact resting 
muscle fibres in presence of ATP result from the different relations of actin 
and myosin in the three preparations: while the extracted fibre contains 
actin and myosin strongly linked together, actomyosin threads contain 
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the two proteins held together by weak forces and the intact resting muscle 
fibres contain actin and myosin unassociated. See also Matoltsy & Varga 
(195). 

Microcinematographic observations of the shortening of actomyosin 
threads and muscle fibres on the effect of ATP were made by Matoltsy & 
Hanzon (194). Observations at higher temperatures on the glycerol- 
extracted psoas muscles of the rabbit have been described by Varga (307). 
Mechanical properties of fibres and muscles are reported upon by Pryor 
(233). Changes in the water content of actomyosin models with and without 
ATP were measured by Rubinsteyn & Grishchenko (243). Quantitative 
evaluations of changes in state of actomyosin have been attempted by 
Kuschinsky & Turba (176). Thermodynamic studies of muscle contraction 
and muscle models under the influence of ATP will be found in many 
papers (109, 313, 314). General comments on the relations between ATP 
and contraction of muscle or muscle models were made in the following 
papers: 108, 129, 130, 210, 212, 267, 270, 295, 298, 312. 


COMPARATIVE BIOCHEMISTRY 


Embryonic muscle tissue—Myoalbumin is here present in a rather 
large amount which decreases with the functional development of the 
muscle while the myosins increase [Crepax (57)]. According to Hermann & 
Nicholas (126) the amount of myosin present in the rat muscle remains at 
a constant level during early stages of the embryonic development but 
rises markedly about two days after birth and continues to rise during the 
entire period of observation. The rise in the myosin fraction at the time of 
the onset of muscle function is not nearly so great as expected in the light 
of the rather sudden manifestation of this function. 

Smooth muscle.—The uterine myosin proper seems to be very different 
from the striated muscle myosin [Caspo (60, 61, 62)]. It is exceedingly poly- 
disperse, and the sedimentation picture does not agree with that found for 
the myosin proper of striated muscle [Csapo et al. (63)]. 

Glycolysis in smooth muscle of of pigeon should occur without any 
intermediary phosphorylated steps according to Bargoni (20). Hollmann 
(135) claims that anaerobic glycolysis in smooth uterine muscle differs 
only quantitatively from that of other muscles. Other studies on the metabo- 
lism of unstriated muscle have been made by Singh (260, 261). According 
to Csapo, uterine muscle contains less myosin and actomyosin than the 
striated muscle. The same author (261i) has studied the adenosinetriphos- 
phatase activity of actomyosin and of water-soluble extracts of uterus. 
The amounts of myosin and actomyosin increase during pregnancy in both 
the human and animal uterus. 

Cardiac muscle——The electrophoretic mobility and sedimentation con- 
stant of cardiac muscle myosin are the same as for myosin from skeletal 
muscle, but the sedimentation constant has a different concentration 
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dependence. The adenosinetriphosphatase activity is low [Gelotte (107)]. 
Less myosin can be extracted from the auricles than from the ventricles of 
pig and rabbit hearts [Hovats (171)]. 

It may be interesting to mention that whereas strophanthine (even 
100 wg./ml.) has no effect on actin prepared from skeletal muscle, it acceler- 
ates the polymerization of G-actin prepared from heart muscle [Horvath, 
Kiraly & Szerb (136)]. It appears that, for frog actin, Mg** is not necessary 
for the transformation G-actin—F-actin if the polymerization proceeds at 
14°C. [Horvath, Koch & Szerb (137)], but is necessary at 0°C. The poly- 
merization of frog actin is not inhibited by oxidizing agents. Other studies on 
cardiac muscle can be found in papers 31 and 266. 

Invertebrate and vertebrate muscles—Snow (272, 273) and Dyer, French & 
Snow (90) succeeded in extracting 95 per cent of fish muscle protein with 
5 per cent NaCl solution, at pH 8.00. Myosin constituted about 75 to 80 per 
cent of the total protein. About 3 per cent of stroma pyotein, collagen and 
elastin was found in cod and haddock muscle. Snow (90) studied also the 
effect of freezing on myosin and found that rapid freezing causes much less 
denaturation than slow freezing. Myosin proper could not be detected thus 
far in extracts of fish muscle [Hamoir (120, 121)], but its existence could be 
proved by ultracentrifugation studies of fish actomyosin in presence of 
ATP. Its sedimentation constant is very near—if not identical—to the value 
obtained for rabbit myosin proper. Fish actomyosin sediments more quickly 
in the ultracentrifuge than rabbit actomyosin [Hamoir (121)], and depend- 
ence of the sedimentation constant on concentration is much more pro- 
nounced. 

Adenosinetriphosphatase activity was demonstrated in the myosin of 
marine animals [Humphrey (143, 144); Cafiero (38)], in aqueous extracts of 
chick embryo [Cafiero (39)], and in the myosin extracted from the nacreous 
and vitreous parts of the oyster adductor muscle [Humphrey (145)]. Accord- 
ing to Nguyen Van Thoai, invertebrate muscle contains two adenosine- 
triphosphatases, one which is active at pH 5.8 to 6.4, the other active at 
pH 6 to 8.4. In other papers (213, 214, 215, 238), the authors reported an 
adenosinetriphosphatase from fish muscle which does not contain myosin 
and which shows a high enzymatic activity. 

The apyrase activity of homogenized muscle tissue of sparrows, and of 
four species of fish, mice, turtles and frogs was measured by Steinbach 
(283). Owing to the fact that one of the virtues of homoiothermism lies in 
the ability to mobilize energy rapidly for vital processes even though the 
environmental temperature is low, Steinbach (282) studied the apyrase 
activity of homogenized muscle tissue between 0° to 30°C. for four species 
of fish, sparrows, mice, turtles and frogs. No relationship was noted between 
normal environmental temperatures of the animals and Qj values for 
apyrase systems. Electron microscope investigations on the structure of 
actomyosin of different species have been made by Cigada (43). 
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DEGENERATION, DystTRopHy, ISCHAEMIA 


A study of biochemical changes (water content, total N, glycogen, 
phosphocreatine, ATP) in rat limb muscles following section of the sciatic 
nerve and tenotomy has been made by Humoller, Griswold & McIntyre 
(140). 

The potassium permeability of muscle denervated at various times has 
been investigated by Fischer (99) and Fischer and co-workers (101). The 
high-energy compounds of rabbit and rat muscle disappear completely after 
4 hr. of tourniquet ischaemia and reappear slowly after release, coincidentally 
with contractility [Harman & Gwinn (123)]. 

No definite increase or decrease was observed in the adenosinetriphospha- 
tase and alkaline phosphatase activities of muscle homogenates from 
dystrophic rabbits, but a definite increase in the acid phosphatase activity 
of muscle homogenates from dystrophic rabbits was observed [Carey & 
Dziewiatkowski (42)]. 

According to Beznak (26) denervated muscle suspension splits more 
ATP than normal muscle suspension. Incipient nutritional muscle dystrophy 
does not produce changes in the malic dehydrogenase, cytochrome oxidase, 
succinic dehydrogenase, lactic dehydrogenase, fumarase and adenosinetri- 
phosphatase activities of the muscle homogenates [Jacobi (150, 151, 152)]. 

The denervation atrophy of rabbit striated muscle is accompanied by 
a characteristic complex alteration in the protein composition of these 
muscles, chiefly a noticeable increase of the myoalbumin content [Crepax 
52, 53); confirmed by Fischer e¢ al. (100)]. The effect of injection of digestive 
énzymes and vitamin E on muscular dystrophy has been studied by Bick- 
nell (27). Other biochemical studies on atrophied muscle can be found in 
the following papers: 187, 191, 250. 
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THE BIOCHEMISTRY OF NEOPLASTIC TISSUE?” 


By Pau C. ZAMECNIK 
Medical Laboratories of the Collis P. Huntington Memorial Hospital of Harvard 
University, Massachusetts General Hospital, and the Gates and Crellin 
Laboratories of Chemistry, California Institute of Technology 


Biochemical investigations of the cancer problem may be divided into 
three major approaches. The first of these is a search for the primary com- 
bination between a carcinogenic chemical and the tissue which eventually 
undergoes malignant change. The second is a comparison of metabolic path- 
ways in malignant and normal tissues, in the hope that some unique charac- 
teristic of neoplastic tissue may be found. The third approach is a semiem- 
pirical quest for a chemotherapeutic agent which will destroy the tumor and 
spare the host. These three major objectives are interwoven in many inves- 
tigations, but will arbitrarily be separated here. 

Several general thoughts may be expressed in this preamble. A belief in 
the fundamental unity of the biochemical machinery in living cells has 
fathered many important advances, and studies of microbial metabolism 
have brought to light the presence of coenzymes and pathways later found 
to be universally present in higher animals. It might be hoped that a chemo- 
therapeutic agent which blocks the growth of one type of neoplasm would do 
likewise for another, but such is frequently not the case. The situation is 
more analogous to the unpredictable effects of steroid hormones on various 
animal species. 

There has been a steady movement of the active front in the cancer re- 
search field into biochemistry and out of morphology. The number of papers 
published in a single year bearing on the biochemistry of cancer is too great 
to be covered completely, hence the present review is fragmentary, and 
weighted toward investigations of American workers. It is directed more to 
the investigator with tangential interest in the cancer problem than to the 
expert. 


SELECTION OF THE TUMOR TO BE INVESTIGATED 


There has been a gradual broadening of the spectrum of tumors investi- 
gated, with a recent sudden interest in the so-called ascites tumors. It has 
been pointed out by Klein (1 to 4) and by Goldie & Felix (5) that a number 
of transplantable solid animal tumors may be made to grow as individual 
free cells by inoculating mice or rats intraperitoneally with suspensions of 
minced or ground tumor cells. Some tumors will grow only as solid masses 
under these conditions, but others will provoke an exudate and will multiply 


1 The survey of the literature pertaining to this review was concluded in Decem- 
ber, 1951. 


2 This is paper No. 754 of the Harvard Cancer Commission, and Contribution No. 
1686 from the Gates and Crellin Laboratories of Chemistry. 
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as free neoplastic cells, contaminated by nonmalignant leukocytes only to 
the extent of around 10 per cent (4). Such an ascitic exudate can then be 
maintained by successive transfer of this peritoneal fluid growth of cells from 
animal to animal, the neoplastic cells having adapted themselves to this 
form of growth. Ascites tumors have been used by Lettré (6, 7) for studies 
of the effect of colchicine derivatives on cell mitosis, and by Yoshida (8, 9) 
for investigations of variations in chromosomes in tumor cells, and as a 
simple screening test for the effect of chemotherapeutic agents on multi- 
plication of a malignant cell species. The question of how the malignant cells 
attract a rich ascitic fluid into the peritoneal cavity is an interesting puzzle. 

Little attention has been paid to the study of neoplasms in cold-blooded 
animals. For this reason, Schlumberger & Lucké’s survey of tumors occur- 
ring spontaneously in these lower forms is a valuable aid to future investiga- 
tions (10, 11). 

The cheek pouch of the hamster has been recently used by Lutz and co- 
workers (12) as a site for the transplantation of a methylcholanthrene-in- 
duced sarcoma. The advantages are stated to be that: (a) the tumor grows 
freely without physical hindrance; (b) the same tumor can be observed fre- 
quently at successive stages; and (c) it may be subjected to various proce- 
dures with little disturbance of the physiological environment. 

Since there is no assurance that a chemical agent which will inhibit the 
growth of one animal tumor will do so in another species, the potentialities 
of such agents are best evaluated, prior to human trial, on a battery of test 
tumors, as outlined by Stock (13). 


BIOCHEMISTRY OF THE CARCINOGENIC PROCESS 


Polycyclic hydrocarbons.—F ollowing the tremendous interest of the 1930's 
in the carcinogenic polycyclic hydrocarbons there was a decade of general 
apathy toward these compounds. Two reasons may be advanced for this 
decline in interest. First, in spite of the best efforts of talented investigators, 
no clear-cut evidence was obtained on the point of attack of the carcinogenic 
hydrocarbons on the living cell. Secondly, the great length of time required 
to test the biological potency of a structural variant made it difficult to sus- 
tain the interest of the synthetic chemist. 

Nevertheless, during the past five years a theory has been developed 
which appears to make the carcinogenic action of these polycyclic hydro- 
carbons a little more understandable (14 to 17). A planar configuration of 
the molecule, and a high electron density in the so-cailed ‘‘K”’ region have 
been found to be characteristic of a number of carcinogenic hydrocarbons. 
In this reactive region of the molecule it has been postulated that addition 
reactions to cell constituents take place. The present status of this attrac- 
tive and complex approach is discussed in a Biochemical Society Symposium 
(18 to 21). It appears that one of the early reactions of the hydrocarbon 
molecule when in contact with the tissue is aromatic hydroxylation. It is 
evident, however (20), that much more direct knowledge of the biochemical 
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action of the carcinogens is necessary before a satisfactory explanation of 
neoplastic transformation in terms of biochemical lesions can be evolved. 

As a consequence of the availability of carbon-14 it has become possible 
to label carcinogenic chemicals, and to search in a more detailed way for this 
site of biological combination with the living cell. A new cycle of interest in 
the carcinogenic hydrocarbons has thus been initiated. In a continuation of 
their early work in this field (22), Heidelberger and co-workers have fol- 
lowed the fate of 1,2,5,6-dibenzanthracene-9,10-C™ and 3,4-benzpyrene-5- 
C¥ in the mouse (23, 24). A number of valuable facts which influence our 
thinking have emerged. Oxidation and cleavage of the central ring occurs, 
the principal route for excretion of degradation products is the biliary tract 
and feces, and as much as 1 to 5 per cent of the original hydrocarbon may 
remain at the injection site for months, being present at the time of appear- 
ance of the tumor. Dibenzanthracene is also retained at the site of applica- 
tion to the skin much longer (a half time of 85 days) than is 3,4-benzpyrene, 
which has a half time of around three days. This finding would argue that 
3,4-benzpyrene is the more potent carcinogen, since its effect is exerted dur- 
ing a shorter period of contact. 

It is evident that quantitative data are in this way becoming available 
on an important parameter of a carcinogenic agent—the length of time it 
remains in contact with a tissue. This may be a property of a hydrocarbon 
molecule as important as its planarity and the electron density of its ‘“‘K”’ 
region in determining whether it shall be carcinogenic or not. 

Similar studies are being carried out, using methylcholanthrene-20-C 
(25), 2-acetylaminofluorene-9-C™ (26), and 2-acetylaminofluorene-N" (27). 
In addition, the noncarcinogenic but closely related compound 2-p-toluene- 
sulfonamidofluorene-S* was synthesized (28) in order to find out whether 
the tosyl group could be hydrolyzed by the body as well as the acetyl group 
of the highly carcinogenic acetylaminofluorene. The feeble hydrolysis of the 
tosyl compound contrasts with the much greater hydrolytic ability in the 
rat for the acetyl group of acetylaminofluorene. Since this latter compound 
is so versatile in its carcinogenic action on the tissues of the rat, closer 
scrutiny of its metabolism would appear to be desirable. Two such studies 
have been initiated, by Weisburger, Weisburger & Morris (26) and by Dyer 
and co-workers (29). 

The most promising lead in this general field has, however, come without 
benefit of isotopes in the observation of Miller (30) that 3,4-benzpyrene is 
bound to epidermal protein within 3 hr. after this carcinogen, dissolved in 
benzene, is painted on the $kin of mice. Since fluorescent derivatives of the 
carcinogen were not removed from the epidermal protein preparations by 
exhaustive extraction with boiling solvents and by other procedures, it is be- 
lieved that the attachment is more than an adsorption, and involves a chemi- 
cal bonding to the protein. 

Among other studies of the carcinogenic process, using polycyclic hydro- 
carbons (31 to 34), is the finding of Geyer et al. (34) that intravenous injec- 
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tion of rats with oil emulsions containing 9,10-dimethyl-1,2-benzanthracene 
resulted in a high incidence of skin tumors. Thus the susceptibility of skin to 
carcinogenic change is more than a matter of primary contact as it occurs 
in the usual painting experiment. 

The present status of our information on the industrial hazards from car- 
cinogenic chemicals has been reviewed by Heller (35). The keynote of this 
presentation is the observation that both the industrial and the general popu- 
lation are being exposed to a growing list of chemicals, some of the bilogical 
properties of which are still undetermined. It has for example recently been 
demonstrated by Falk et al. (36) that a benzene extract of rubber stoppers 
was carcinogenic as determined by skin painting in mice. 3,4-Benzpyrene 
was identified by ultraviolet absorption spectra in the rubber stoppers and 
also in @ commercial rubber tire. Hartwell’s (37) recent compilation of a re- 
vised list totalling 322 carcinogenic chemicals emphasizes the extent and 
diversity of the known carcinogens, although it must be remembered that 
a substance which produces a malignant transformation in one species may 
be quite inert in another. 

One might inquire why more attention is not given to collection of statis- 
tics on the incidence of cancer in various parts of the world, according to 
race, diet, and occupation. This would lay the groundwork for a more ra- 
tional search for chemicals which may play a role in human carcinogenesis. 
The answer is that such studies are being made, but that progress is slow, 
because of the difficulties encountered in the accumulation of adequate sta- 
tistics. This is particularly the case in the very countries in which great dif- 
ferences in dietary and other habits are known to exist among economically 
comparable segments of the population; and in which there is much lore 
about the high incidence of cancer in particular sites of the body. This prob- 
lem is presented in great detail in a very readable conversational interchange 
recorded by Clemmesen (38) from a conference on geographical pathology 
and demography of cancer held recently under the auspices of the World 
Health Organization. 

Among the special problems raised at this conference were the high inci- 
dence of primary cancer of the liver in the Javanese and in the Bantu, and 
the apparent low incidence in the Indians in the Bombay region where there 
is likewise a high incidence of malnutrition; the high incidence of cancer of 
the stomach in the Chinese, and its low incidence in the Javanese; and the 
low incidence of cancer of the cervix in nuns and Jewish women. Some of the 
difficulties involved in evaluating the relationships of tobacco smoking to 
cancer of the lung are recorded in the following excerpt from this conference 
discussion: 


Sir Ernest Kenneway: What kinds of tobacco are smoked in Greece and Denmark? 

Dr. Engelbreth-Holm: In Denmark: English or American Virginia tobacco. 

Sir Ernest Kenneway: What do you mean by English tobacco? 

Dr. Engelbreth-Holm: The kinds usually smoked in this country. 

Dr. Symeonidis: In Greece the tobacco is so-called Turkish tobacco but it is grown 
in Greece. It is said that lung cancer is still rare in Turkey. 

Dr. Oberling: I may add that cigarettes are smoked only by the wealthy in Turkey. 
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Aso dye carcinogenesis.—Previous studies by the Millers (39) have dem- 
onstrated the presence of bound aminoazo dyes in the livers of rats fed p- 
dimethylaminoazobenzene. This still appears to be the most promising 
wedge in opening up the mechanism of action of a chemical carcinogen. The 
initial observation has been broadly explored in a variety of ways (40, 41). 
It has been found, for example, that while the desoxyribonucleic acid (DNA) 
and protein content of the nuclear fraction of the azo dye-treated rat liver 
rises, the pentosenucleic acid (PNA), riboflavin, and protein contents of the 
mitochondria and the PNA content of the microsomes decrease long before 
the neoplasms are detectable by gross or microscopic examination. These 
changes do not occur at all in the liver of the hamster, which is resistant to 
the carcinogenic action of the dye, and occur to a lesser degree in the liver of 
the mouse, which is only slightly susceptible to carcinogenic transformation 
(42). 

Fractionations of the soluble proteins of rat livers containing the bound 
azo dye have been carried out by Sorof et al. (43, 44, 45), using electropho- 
resis and the ultracentrifuge. The greater part of the soluble protein-bound 
dye was found by electrophoresis to move with a small, slow moving fraction 
which comprised 8 to 14 per cent of the total soluble liver proteins. These 
data suggest that metabolic derivatives of the several azo dye carcinogens 
tested bind specific proteins. It is also noteworthy that these same dye- 
binding ‘‘h’”’ component proteins are markedly reduced in the hepatoma and 
in the various tumors tested for electrophoretic mobility of their soluble pro- 
teins by Sorof & Cohen (43). These findings foster the thought that the azo 
dye carcinogens may deprive the liver cell of certain proteins required for 
the regulation of growth (44). 

In this general connection several investigators (46, 47, 48) have reported 
that the incorporation of carcinogenic azo dyes into the diet produces an 
early and pronounced inhibition of the choline oxidase activity. This is in- 
terpreted as suggesting that there may be a block in the transmethylation 
system, which may in turn be reflected as a later reduction in the methionine 
content of tumor protein (49). 

Hormones and carcinogenesis.—The relationship between hormone-in- 
duced tissue growth and neoplasia has been the subject of a recent general 
review by Hertz (50). Only one finding—and a very provocative one—in 
this field will therefore be mentioned here. Moon et al. (51, 52, 53) have pre- 
viously reported that the long-continued administration of pituitary growth 
hormone to rats resulted in the production of a wide variety of neoplasms, 
particularly in the endocrine organs. They now find (54) that similar treat- 
ment of hypophysectomized adult female rats did not produce the numerous 
neoplasms previously seen. This striking difference appears to indicate that 
the presence of the pituitary gland and its secretions are necessary in the pro- 
duction of the neoplasms resulting from the administration of growth hor- 
mone (54). It further suggests that an altered physiology in the pituitary 
gland itself may contribute to the carcinogenic transformations. Long-con- 
tinued administration of growth hormone does produce histological evidence 
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of adenomas and other atypical changes in the pituitary (55). These findings 
are certainly worth much exploration, and put us for the first time on the 
trail of an aberration in growth regulation, related to neoplastic change. 

Crown-gall and virus tumors.—It has become one of our tenets that a cell 
which has once become malignant cannot revert to normal. It is therefore 
refreshing to learn (56) that crown-gall induced tumor cells can be made to 
recover and become ‘“‘normal in every respect”” when made to grow and divide 
very rapidly. It may be argued that the crown-gall tumor does not have all 
the qualifications for malignancy used in assigning this term to animal tu- 
mors. Nevertheless, this study is important in adjusting one’s mental set for 
the possibility of some degree of reversibility in animal tumors, particularly 
in the more benign ones. There has also been little advantage taken of these 
convenient crown-gall tumors for the study of biochemical changes accom- 
panying or initiating neoplasia. 

In the analysis of such changes there might likewise be merit in using the 
virus-induced rabbit papilloma-to-carcinoma sequence, studied morpholog- 
ically and immunologically originally by Shope & Hurst (57) and more 
lately by Fischer & Syverton (58). The general field of virus-induced tumors 
of animals has recently been reviewed by Shrigley (59) and will not be con- 
sidered further here. 

Carcinogens as mutagens.—Barratt & Tatum (60) have tested a number 
of carcinogenic chemicals by use of the fungus Neurospora crassa, and report 
that methylcholanthrene, 9,10-dimethyl-1,2-benzanthracene, and 1,2,5,6- 
dibenzanthracene increase the mutation frequency fourfold over the controls; 
the azo dyes m’-methyl-p-dimethylaminoazobenzene and 4’-amino -2,3-azo- 
toluene increase the mutation frequency about threefold; 4-dimethylamino- 
stilbene and acetylaminofluorene are either weaker mutagens or inactive. 
These mutagenic effects of highly active carcinogens on Neurospora are 
much feebler than are those of nitrogen mustards or radiation. Efforts to 
clarify a relationship between mutagenesis and carcinogenesis have been 
complicated by the lack of reproducibility of a mutagenic effect of a single 
agent from one species of test organism to another (61, 62). 


DEFINITION OF THE BIOCHEMICAL ABERRATION 


The following series of investigations have been concerned with biochemi- 
cal comparisons of normal and malignant tissues, in the hope of uncovering 
some qualitative or quantitative difference distinctive of malignant tissues 
as a class as contrasted to the whole range of normal tissues. These studies 
may be considered under several headings, depending on whether carbo- 
hydrates, proteins, lipids, or nucleic acids are primarily involved. The in- 
vestigators in this field, in general, have been conscious of working on slip- 
pery ground, and of the necessity for restricting conclusions to the experi- 
mental circumstances employed. The principal risks, nevertheless, continue 
to be our natural tendency to extrapolate interesting findings to the behavior 
of tumors as a whole, and the assumption that a tissue slice or homogenate 
gives an accurate reflection of events taking place in the intact animal. 
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Carbohydrate metabolism.—The current status of information in this field 
is presented in a recent symposium in Cancer Research (63 to 66). These and 
similar investigations (67 to 73) have been designed to explore the signifi- 
cance of the high glycolytic property of tumars, first described by Warburg 
(74) many years ago. Work of Potter and associates (75, 76, 77) had pointed 
to the possibility that a key enzyme might be lacking in the Krebs cycle in 
tumor tissues. Homogenization of tumor tissues resulted in an almost com- 
plete loss of oxidative capacity, whereas the same did not apply to normal 
tissues. It was, however, later found by Weinhouse et a/. (65, 78), and con- 
firmed by Potter ef al. (79), that fortification of tumor homogenates with 
high concentrations of diphosphopyridine nucleotide (DPN) (.001 7) re- 
sulted in an ability to oxidize oxaloacetate and pyruvate. There is no evi- 
dence at present, therefore, for the qualitative lack of any enzyme of the 
citric acid cycle in tumors. It is generally agreed that there is a disproportion 
between the high glycolytic rate of tumors and the ability of their oxidizing 
mechanisms to carry out the terminal oxidations of carbohydrates. It is not, 
however, clear whether the concentrations of citric acid cycle enzymes are 
normal, but unable to keep pace with the rate of flow of pyruvate from the 
glycolytic system (65), or whether the level of oxidative enzymes in tumors 
may be low (63, 64). As expressed by Olson (64), there is in any case a re- 
routing of metabolic traffic accompanying carcinogenesis in the rat liver. 
The neoplastic liver synthesizes glycogen poorly (66, 80, 81), and the rate 
of glycolysis exceeds the rate of utilization of C; fragments sufficiently to 
maintain a high concentration of C; reactants in the tumor tissue. 

In slice experiments it has been shown (64, 66) that more of these frag- 
ments derived from C™-glucose are converted to lipid and protein in the 
hepatoma than in the normal rat liver. Lymphosarcoma cells have also been 
found (67) to form more alanine-C“ and glutamate-C“ from lactate-C“ 
than do spleen cells. 

Weinhouse (65) points out that high rates of glycolysis are a characteris- 
tic feature of growing tissues, whether malignant or not. One is left to wonder 
whether the synthetic reactions of growth are not facilitated by a high gly- 
colytic rate, with glycolytic substrates and coenzymes playing some intimate 
role in the process, distinct from that of the phosphate energy donors. In the 
idiom of the psychiatrist, there would then be some “sickness profit”’ in the 
spendthrift behavior of the tumor toward glucose. 

In tumors there is no evidence of a qualitative defect in the electron 
transport system (65), but the limiting reaction sequence in their oxidative 
metabolism may lie in the capacity of DPN and other members of the elec- 
tron transport system to unload hydrogen from the citric acid cycle in the 
presence of processes (such as reductive amination) involved in rapid growth 
(65). This may be a problem in spatial localization of coenzymes in the cell, 
or of coenzyme binding affinities. We are in reality of course not much far- 
ther along in this problem than was Warburg 25 years ago, but perhaps we 
are wiser in a negative way. 

Nitrogen metabolism.—The broad aspects of the nitrogen metabolism of 
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tumors have been recently reviewed by Mider (82). Malignant tumors ap- 
pear to possess a high priority for building blocks, and in the absence of an 
adequate dietary source of nitrogen, are able to grow at the expense of normal 
body tissues. This point of view has been documented by nitrogen balance 
studies on rats (83, 84) and on humans (85, 86). 

Closer examination of this general situation by means of isotopically 
labeled amino acids indicates that at least in certain tumors there is a de- 
creased rate of loss of the isotopic amino acid label from tumor protein, im- 
plying a longer half life of tumor protein (87, 88). On the anabolic side of pro- 
tein metabolism the picture is less clear. Whole animal studies have shown, 
in general, rates of incorporation of labeled amino acids into tumor protein 
which are little greater if at all than into control tissue protein (88, 89, 90). 
Rapidly growing normal tissues such as intestinal mucosa and spleen have 
shown higher rates in this respect than tumor tissue (90). In tissue slices, 
the rate of incorporation of amino acids into hepatoma protein has been re- 
ported to be greater than that into control adult liver protein, but no greater 
than that into fetal liver protein (91). This accelerated uptake therefore 
seems to be related to rapid growth rather than to the neoplastic process. 
Greenberg and associates (68, 92, 93) have used cell suspensions of a lym- 
phosarcoma and of normal mouse spleen for similar studies, and report no 
difference in the rate of uptake of radioactive glycine into the protein of the 
two tissues. They conclude that an increased rate of protein synthesis is not 
necessarily the basis for the continued and autonomous growth of all tumors. 
Norberg & Greenberg (94) have found in the tumor-bearing mouse evidence 
of increased protein turnover by the liver and plasma, as if to supply protein 
precursors to other tissues. These data complement those of Mider (82) in 
suggesting that the demands of the tumor ultimately lead to normal tissue 
breakdown to supplement dietary intake of protein precursors. Just how the 
tumor manages to accomplish this feat of nutritional diversion is of course an 
important unsolved question for whose answer many are groping. 

The blood supply of tumors has received some attention during the past 
year (95). For certain tumors it is largely arterial, (96) and tracer studies (66) 
suggest that even the so-called richly vascularized periphery of the rat hepa- 
toma is not so well supplied as is the normal liver. The effect of the vascular 
deficiency in limiting anabolic activites in vivo may explain part of the dif- 
ferences obtained in tracer experiments on whole animals and tissue slices 
(66). 

It is perhaps worth while to mention how limited the value of determin- 
ing the rate of incorporation of a labeled amino acid into a great hetero- 
geneous collection of proteins such as those in a tumor and in any normal tis- 
sues selected for comparison may be. It would be more pertinent to compare 
the half lives of structural proteins of the cell surface, or of nucleoproteins, 
but this has seldom been accomplished. In summary, tracer studies on the 
protein metabolism of tumors represent a series of explorations in technique 
carried out on crude mixtures of proteins with more definitive investigations 
of turnover rates in specific proteins remaining for the future. 
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Several studies of amino acid metabolism in general bear implications 
of interest in relation to the tumor problem. Levine & Tarver (97) for ex- 
ample report that the unnatural amine acid ethionine is incorporated into 
rat liver proteins. If ethionine or other unnatural amino acids make their 
way into desoxyribonucleoproteins, what effect may this have on the he- 
redity of the animal? What effect would ethionine replacing methionine in 
an enzyme have on its specificity and catalytic ability? Some of the grosser 
physiological properties of amino acid antagonists have, of course, been ex- 
plored (98). 

Another paper of interest is that of Gale & Van Halteren (99) on the as- 
similation of amino acids by bacteria. If the bacteria are incubated in a 
medium deficient in certain essential amino acids, they are unable to synthe- 
size proteins, but continue to form peptides, which are accumulated in the 
extracellular medium. Here is‘a good example of an interruption of the pro- 
tein synthesizing mechanism at a point beyond the hypothetical energy 
hurdle of forming the first peptide bond. 

Miller et al. (100) have demonstrated plasma protein synthesis in the iso- 
lated perfused rat liver, with the aid of lysine-e-C'*. It would seem that per- 
fusion studies on the livers of rats undergoing carcinogenic change might 
help clarify some of the puzzles of their protein metabolism. 

Mitochondrial changes.—The electron microscope has shown (101) the 
mitochondria of many tumor cell types to be more slender, tenuous, and 
fragile than those of liver cells. Ultraviolet microscopic studies present a 
similar picture (102). High speed centrifugal studies also suggest the ab- 
sence from hepatoma mitochondria of a protein component which is promi- 
nent in normal liver mitochondria [Hogeboom & Schneider (103)]. A more 
fragile mitochondrion might help to explain the greater loss of oxidative 
capacity of tumor tissue on homogenization, as discussd above. 

The fervor to search for enzymatic differences between neoplastic and 
normal tissues appears to have subsided for the present. A fine review of 
this subject has recently been written by Greenstein & Meister (104), and 
only a few enzymatic studies will therefore be mentioned here. Fishman (105) 
continues to explore his finding of high B-glucuronidase activities in human 
cancer tissue, and Seligman and co-workers (106, 107) have expanded their 
interesting work on the histochemical demonstration of a variety of enzymes 
in normal and tumor tissues. Boyland et al. (108) have studied hexokinase 
activity, and Weinhouse (65) has demonstrated the presence of the citric 
acid cycle enzymes, in animal tumors. As more information on enzymes 
which catalyze syntheses in animal tissues becomes available, it is safe to 
predict a new wave of interest in applying the techniques to the cancer prob- 
lem, with perhaps more promise of interesting results than those which have 
accumulated on similar studies of degradative, hydrolytic enzymes. 

Fat metabolism.—In exploring the effect of a growing tumor (Walker rat 
carcinoma 256) on the animal host, Haven, Bloor & Randall (109) make the 
interesting observations that the tumor seems to (a) cause a lipemia, (b) de- 
crease the fatty acid content of the host, (c) cause the ratio of solid to liquid 
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fatty acids to become like that in tumor, and (d) increase the degree of un- 
saturation of the liquid fatty acids of the host. These are profound effects 
on fat metabolism which it would be highly desirable to look for in the hu- 
man during the course of malignant disease. 

Griffin et al. (110) report, in studies of radiophosphorus turnover in rats 
which had been fed 3’-methyl-4-dimethylaminoazobenzene, that the lipid 
fraction of the liver tumors contained less phosphorus and had a lower P® 
activity than that of the precancerous or normal livers. The lipids are im- 
portantly involved in the metabolic shifts which accompany carcinogenesis, 
as indicated above, but whether they are being deranged secondarily or pri- 
marily is an open question, as it is elsewhere in the metabolic maze in cancer 
research. Since brain tumors receive remarkably little attention, it is good 
to read that Folch and co-workers (111, 112) have begun to study their com- 
position; they report in brain tumors the preg€nce of proteolipids and stran- 
din,—new components also found in certain normal tissues. 

Nucleic acid metabolism.—Investigations of the nucleic acid metabolism 
of tumors may be divided into several classes: (a) comparisons of the DNA 
and PNA contents of normal and malignant cells; (6) syntheses of potential 
precursors and comparisons of their rates of incorporation into nucleic acids; 
and (c) comparisons of the effects of nucleic acid precursor analogues on the 
growth of neoplastic and normal tissues. This last approach has commanded 
the greatest attention, and will arbitrarily be considered later, in the section 
on chemotherapy. 

It has been reported by a number of workers (4, 113, 114, 115) that the 
nucleic acid content of tumor cells is high. The mouse ascites tumor cell, for 
example, contains twice as much DNA and five times as much PNA as do 
nontumorous exudate cells (4). The ratio of PNA/DNA is approximately 2 
as compared to 0.6 in the control cell chosen for comparison. In azo dye- 
induced liver tumors, however, the DNA content per cell nucleus is not in- 
creased (116, 117, 118). Petermann & Schneider (119) have studied the nu- 
cleic acid content of normal and leukemic mouse spleen nuclei, and their re- 
sults clarify the differences mentioned above. In the rapidly growing trans- 
planted leukemia cells the PNA, DNA, and nitrogen per nucleus were in- 
creased greatly, but in slowly growing spontaneous leukemia cells, the 
changes were minimal, as compared with normal spleen cells. They conclude, 
therefore, that the increases in PNA and DNA are characteristic of rapid 
growth per se, rather than of any primary neoplastic process. This theme has 
a way of repeating itself throughout the biochemical fields of cancer re- 
search. 

This was for instance a conclusion of Brues, Tracy & Cohn (120) in their 
pioneer study of turnover rates of P® in rat liver and hepatoma. The hepa- 
toma, which had a growth rate intermediate between that of resting and re- 
generating liver, showed an intermediate rate of radiophosphorus uptake by 
thymonucleic acid (DNA). In a similar study of phosphorus turnover in 
resting, neoplastic, and stimulated mouse mammary tissue, the same general 
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conclusion was reached by Albert et al. (121). Neoplasia or pregnancy has 
also been found to stimulate the turnover of DNA in normal tissues of the 
involved animal (122), a result consonant with that reported for the effect of 
neoplasia on protein metabolism (94). 

There is still of course much ignorance about the finer structure of nucleic 
acids (123 to 129), their combinations with proteins and lipids in the cell 
(130, 131), and their biochemical functions (132, 133, 134) as discussed in 
detail in the references mentioned. One approach to this problem is the syn- 
thesis of potential intermediates in nucleic acid synthesis, with an eye 
toward devising structural analogues to block the growth of neoplastic 
tissue (123). 

Thus the labeled purines, adenine, guanine, hypoxanthine, xanthine, 
uric acid, isoguanine, and 2,6-diaminopurine have been administered to rats 
by Brown and co-workers (123, 124, 135, 136). In the resting adult rat liver, 
adenine was incorporated well into the PNA purines, and poorly into the 
DNA purines. In the rapidly regenerating liver, it was well incorporated 
into both types of nucleic acid purine. Guanine-8-C“ was also found to be 
incorporated to a small extent into PNA purine in the rat (136), and in 
Tetrahymena (137), a finding contrary to that previously found using the 
less sensitive N“-labeled guanine (138, 139). 

The pyrimidines, thymine, cytosine, and uracil, were found not to be 
utilized for nucleic acid synthesis (124). Orotic acid (4-carboxyuracil), how- 
ever, proved the exception to this generality, providing the first concrete 
clue concerning the route of synthesis of nucleic acid pyrimidines in the rat 
(140). In an extension of this finding, Weed (141) found orotic acid to be in- 
corporated into both the uridylic and cytidylic acid fragments of the nucleic 
acids of neoplastic and control tissue slices. In most normal tissue slices the 
rate of incorporation of the radioactive precursor into the uridylic acid frag- 
ment was two to four times as great as into the cytidylic acid fragment, 
whereas in all the tumors studied a seven- to tenfold difference was noted. 

It would seem reasonable that pyrimidine ribosides might serve as better 
nucleic acid precursors than would the naked pyrimidines, and such is the 
case for cytidine as compared with cytosine (142). This field is, however, a 
complicated one in which it would be better to postpone generalizations 
until more intermediates have been tested. Davoll & Lowy (143, 144), in 
this connection, report the synthesis of the purine ribosides adenosine, guano- 
sine, and crotonoside (9-8-ribofuranosylisoguanine). 

For many years the origin of the nucleic acid pentoses has been a source 
of speculation. It is therefore of great interest, for future application to the 
cancer research field, that Cohen & Scott (145), Horecker (146), and Racker 
(147) have recently described pathways leading from hexose monophosphate 
and from the triose stage of glycolysis to the formation of pentoses. The first 
of these begins with the oxidation of glucose-6-phosphate and appears to go 
by way of 6-phosphogluconolactone (148), 6-phosphogluconate, and an oxi- 
dative decarboxylation to end up as ribose-5-phosphate, and certain other 
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pentose phosphates. The second pathway leads from a condensation of glyc- 
eraldehyde phosphate and acetaldehyde to desoxyribose phosphate (147). 
The interrelations of these findings with others in the riboside field have 
been carefully summarized in the Symposium volume, Phosphorus Metabo- 
lism, edited by McElroy & Glass (149). 

It is thus tempting to consider that the high glycolytic rate of tumors 
may facilitate rapid growth in several ways. It may furnish a high concentra- 
tion of C, and C; fragments to the citric acid cycle to supply energy for syn- 
thetic processes; it may channel hexose and triose compounds at a rapid rate 
into the machinery which transforms them into desoxyribose and pentose 
building blocks of nucleic acids; and it may just possibly promote protein 
synthesis by way of unknown reactions linking pentose ‘“‘shunt”’ or glycoly- 
tic coenzymes to amino acid activation. The new oxidative shunt and the 
triose condensation pathways to the pentoses are certainly open for explora- 
tion, in one of the bright new leads of the year in relation to cancer metab- 
olism. 

Cancer diagnostic tests —Ellerbrook, Lippincott, and associates (150, 151, 
152), and several other investigators have undertaken the rather thankless 
task of trying to evaluate the claims for recent so-called serum or plasma 
cancer diagnostic tests. The heat coagulation test (150), the methylene blue 
reduction test (151), the Hoff-Schwartz intradermal test (153), the zinc- 
alkaline phosphatase reaction (152), the Grushkin intradermal test (154), 
the meiostagmin reaction (155), the Bolen test (156), the tryptophan-acid 
and iodoacetate index test (157)—all of these have been found to share a 
dismal lack of specificity for cancer. 


CHEMOTHERAPY OF CANCER 


Several recent reviews have covered the broad aspects of chemotherapy: 
Shear (158) has defined the general philosophy and goals, Stock (13) has de- 
scribed the organization and operation of an integrated screening program, 
and Aub & Nathanson (159) have discussed the endocrine aspects of chemo- 
therapy. The use of radioisotopes therapeutically has been summarized by 
Tabern et al. (160), and the chemotherapy of plant tumors by de Ropp (161). 
Only a sampling of the most recent papers in this field will therefore be men- 
tioned. 

Antimetabolites—The search for agents which will block the growth of a 
tumor by competing with a metabolite in an essential cell process claims 
great attention (162 to 166) and has produced several interesting leads. There 
is general agreement that 8-azaguanine inhibits the growth of certain mouse 
tumors (167 to 170), but there is no common ground in explaining its mech- 
anism of action (137, 167, 171, 172). 

Skipper and co-workers (173 to 181) have been particularly active in 
searching for the site of action of chemicals which interfere with the growth 
of animal tumors. Such diverse agents as nitrogen mustards, urethane, col- 
chicine, 2,6-diaminopurine, 8-azaguanine, potassium arsenite, and cortisone 
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have been found to inhibit nucleic acid synthesis in the mouse (173). 
The radioactive tracer technique has also been used by Twombly & Schoene- 
waldt (182) and by others (183, 184) in an effort to localize the site of action 
of estrogens and other chemotherapeutic agents; and to search for radio- 
active substances which may be concentrated in tumors (185, 186). 

Hitchings, Elion et al. (187 to 191) have synthesized a great variety of 
purine derivatives, and have tested them for growth inhibitory activity on 
Lactobacillus casei. This has been the first phase of a screening program to 
uncover antagonists to interfere with nucleoprotein metabolism in tumors 
(13). Structural relatives of the nitrogen mustards are being similarly tested 
and the compound 3-bis(8-chloroethyl)aminomethyl-4-methoxymethyl-5- 
hydroxy-6-methylpyridine dihydrochloride has been found to be more ef- 
fective in retarding the growth of the highly malignant mouse tumor Sar- 
coma 180 (used as a screening tumor for potential new compounds) than the 
nitrogen mustard standard HN2 (192). 

It is of course not enough for a substance to interfere with the growth 
process in general. In order to be effective chemotherapeutically it must have 
a selective action on the growth of tumor tissue. Since no qualitative dis- 
tinction has been found between the metabolism of neoplastic and normal 
tissue, we are in no position to devise a selective tumor antimetabolite. The 
present empirical approach relies on the animal tumors to supply the subtle 
clues on selectivity of action. 

An important feature of this chemotherapeutic research probably lies 
in its by-products. Mitchell, Skipper & Bennett (175) for example found that 
labeled 8-azaguanine was incorporated into the PNA of both tumor and 
normal tissue, particularly jejunal tissue. If so, what effect will this have on 
the future of the cell? This finding is similar to the observation of Levine & 
Tarver on ethionine incorporation into protein (97), in providing an example 
of a specificity transgressor which succeeds in passing the enzyme-substrate 
combination barrier and becomes built into the fabric of the cell. Is this a 
common or an unusual event? Do mutations arise in this way? 

Combinations of chemical agents, each of which possesses some antion- 
cotic activity, have been tested for synergistic effects without striking results 
(170, 193). 

A refreshing new series of potential chemotherapeutic agents has grown 
out of Haddow & Sexton’s original observations on the growth-retarding 
properties of urethane (194). As a result of speculation on the mode of action 
of urethane, Hendry, Rose & Walpole (195) examined a range of compounds 
theoretically capable of reacting within the cell with some amino derivative 
essential to the process of division. Among these were certain polyfunctional 
compounds, having two or more reactive groupings attached to an aliphatic 
chain or a heterocyclic nucleus. The compound trimethylolmelamine, and 
related polymethylolamides, were found to have tumor inhibitory activity 
against Walker 256 carcinoma in rats. Subsequent observations of these 
authors (196, 197) plus those of Haddow and co-workers (198) suggested 
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that the biological effects of such polyfunctional compounds were more 
closely related to their ‘‘cross-linking’’ properties than to their resemblance 
to urethane. Bis-epoxides (196) and derivatives of ethyleneimine (197), 
which had long been familiar in textile technology for their cross-linking 
action in strengthening textile fibers, were found to interfere with cell divi- 
sion, producing fragmentation and bridge formation in chromosomes during 
mitosis. The possibility was raised that these compounds might form linkages 
between polypeptide units, in nucleoproteins for example. Thus far, as 
chemotherapeutic agents, these cross-linking compounds share with others 
the unhappy property of an action directed against dividing cells in general 
rather than against tumor cells in particular (197, 199). It has been con- 
sidered by Hendry et al. that certain of these compounds may be mutagenic 
and carcinogenic as well. It is indeed interesting that they have been able to 
prepare a stearoylethyleneimine which turns out to have carcinogenic prop- 
erties (197). 

The chemotherapy of virus tumors is in a class apart and is beginning to 
show signs of promise. The general field of animal virus tumors has been re- 
viewed recently by Shrigley (59), and there are of course abundant examples 
of virus-induced neoplasms in animals other than man. To many observers 
it has seemed reasonable to regard Hodgkin’s disease as the best possibility 
of a human neoplasm involving a carcinogenic virus. Bostick & Hanna (200) 
have recently employed the serial passage of sterile lymph node extracts 
from Hodgkin's disease through the amniotic sacs of fertile chicken eggs. 
Although most of the standard serological methods failed to reveal any 
specific characteristic in the amniotic fluids thus inoculated, interference 
with the growth of influenza virus (Lee) in such eggs was demonstrated. 
Therefore, although the Hodgkin’s disease agent itself possessed no easily 
identifiable effect on the chicken egg, it made its presence known by its inter- 
ference with the growth of a recognizable virus. It is thus now possible to 
study this agent by electron microscopy and other techniques. The leuke- 
moid diseases of chickens have an interesting resemblance to the human 
lymphomas, ard Sharpless et al. (201) have recently reviewed the striking 
results obtained from immunizing chickens against a lymphoid tumor by 
means of neurotropic viruses. 

Similar efforts have been made to inhibit by means of viruses the growth 
of mouse leukemias (202) and other malignancies (203), but with less success. 


SUMMARY 


The present status of information with respect to the three main avenues 
of inquiry into the biochemistry of neoplastic tissue may readily be summar- 
ized. The mechanism of combination of carcinogenic compound with tissue 
is still unknown, the primary metabolic deviation of neoplastic tissue from 
normality remains obscure, and no chemotherapeutic agent of great promise 
has recently been uncovered. 

Substantial gains have, however, been made during the past year, and 
perhaps a final recapitulation of those papers which appeal to the reviewer 
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as highlights is desirable. The studies of Sorof, Cohen & the Millers (44) on 
the preferential binding of a carcinogenic azo dye by the electrophoretically 
sluggish proteins of rat liver is a high water mark in the field of interaction 
of carcinogen and tissue. The finding by Moon et al. (54) of the essentiality 
of the presence of the pituitary gland for the production of tumors in rats 
treated for long periods of time with growth hormone implies that both 
large amounts of growth hormone and an altered physiology of the anterior 
pituitary gland are important in the production of these varied neoplasms. 
The demonstration of reversion of neoplasm to normality by Braun (56) in 
crown-gall tumors under the influence of a strong growth stimulus is im- 
portant to our philosophy on the irreversibility of the neoplastic transforma- 
tion. The development of the concept of cross-linking agents as mitotic 
poisons by Hendry, Haddow, and co-workers (194 to 198) provides a mental 
tool freshly different from that of the antimetabolite for use in the design of 
chemotherapeutic agents. The development of cross-immunity to a virus-in- 
duced lymphoid tumor of the chicken (204) by Sharpless et al. (201) in this 
border land of neoplasia stirs the hope that a similar cross-immunity may be 
found for Hodgkin’s disease (200). Finally, the evidence of Levine & Tarver 
(97) and of Mitchell, Skipper & Bennett (175) that fraudulent metabolites 
may on occasion be built into the structure of living cells invites thoughts 
about the chemical origin of mutations. 
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THE BIOCHEMISTRY OF ANTIBIOTICS! 


By T. S. Work 
National Institute for Medical Research, London, England 


There is to the reviewer an unfortunate resemblance between the growth 
of the literature on antibiotics and the growth of the microorganisms against 
which antibiotics are directed; they both multiply logarithmically. The 
journals perused in the preparation of this review contain well over one 
thousand relevant articles, more than half of these being clinical. It is 
obviously neither desirable nor practicable to include all this material, 
but since the very existence of the chapter depends on the successful clinical 
application of antibiotics, a fair number of clinical papers must be men- 
tioned. 

The arrangement of material differs from that followed in previous years. 
The present review is in three main sections, one devoted to the properties 
and uses of individual antibiotics, one to the problems of drug resistance, 
and one to the mechanisms of antibiotic action. For some years now, indi- 
vidual antibiotics have been arranged in order of increasing complexity of 
elementary composition but although this classification may appear logical 
to the organic chemist, it has no biological significance. It leads also to the 
complete separation of closely related antibiotics, for example, aureomycin 
and terramycin, and it breaks down with large peptide antibiotics where 
the molecular formula is uncertain. In the present review it has been aban- 
doned in favour of a classification based on the biological origin of the 
antibiotic. 

In reviewing the work of any one year, the justification for the present 
arrangement may not be obvious; thus, the compounds grouped together 
as produced by actinomycetes or by basidiomycetes may appear to be a 
completely heterogeneous collection but, if biological classification has any 
biochemical significance, these compounds which are initially of interest 
only because of their antibiotic action will eventually assume their rightful 
place in the comparative biochemistry of the order to which they belong. 

In an excellent review of the antibiotics produced by fungi, Brian (1) 
points out that closely related species tend to produce the same group of 
antibiotics and that different genera and families produce different anti- 
biotics. The same is undoubtedly true also for bacteria; thus the aerobic 
spore-forming bacilli form a group producing a considerable selection of 
antibiotic peptides (2 to 6). It is pertinent to ask also whether by considering 
biological classification we may not find some guidance as to profitable 
lines of research. Is it purely by chance that the actinomycetes, closely 


1 The survey of the literature pertaining to this review was completed in October, 
1951. 
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related as they are to the mycobacteria, have provided such drugs as 
streptomycin, hydroxystreptomycin, neomycin, vinactin, and viomycin? 


ANTIBIOTICS FROM ACTINOMYCETES 


During the past year several new antibiotics have been isolated from 
actinomycetes, and some of these have promise as practical chemothera- 
peutic remedies. The drugs of established therapeutic value are dealt with 
first and the other members of the group follow in alphabetical order. 


AUREOMYCIN AND TERRAMYCIN 


It has been obvious for some time that aureomycin and terramycin 
have similar biological properties; recent chemical studies indicate that this 
similarity extends, at any rate to a limited extent, to their chemical struc- 
ture. Aureomycin, Cs:Hez-29N2O0sCl, and terramycin, CosHs-2N2Oo, are 
both degraded by aqueous alkali and in both cases dimethylamine is pro- 
duced; with hot aqueous alkali, aureomycin gives 5-chlorosalicylic acid and 
terramycin under rather similar conditions gives salicylic acid [Kuhn & 
Dury (7); Pasternack et al. (8)]. When terramycin is hydrolysed with aqueous 
alkali in the presence of zinc, a crystalline tribasic acid terracinoic acid, 
CisH120¢, can be isolated in 50 per cent yield. Other products are dimethy]- 
amine, ammonia, acetic acid, carbon dioxide, and a phenolic lactone, 
C,H;0;:H20O, which has been shown by synthesis to be 7-hydroxy-3- 
methylphthalide (I) [Hochstein & Pasternack (9)]. 


Chemotherapy with aureomycin and terramycin.—Last year extensive pre- 
liminary reports on terramycin appeared in the form of a symposium (10). 
Some of this work has now been published in detail, gaps have been filled, 
and confirmatory evidence has appeared on the clinical value of terramycin. 

Both aureomycin and terramycin show activity im vitro against tubercle 
bacilli, but aureomycin has not been found useful im vivo. There may be some 
difference between the two compounds in this respect since terramycin 
shows antituberculous activity in mice and may even be of clinical value 
[Hobby, Lenert, Donikian & Pikula (11)]. 

Although aureomycin in high concentrations is amoebicidal, its clinical 
value in amoebiasis may well be due largely to inhibition of growth of 
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intestinal bacteria without which the amoebae cannot survive [Spingarn & 
Edelman (12); Schaffer & Biegeleisen (13)]. This view ié favoured because 
of the effect of other drugs such as penicillin, streptomycin, and bacitracin 
on intestinal amoebiasis (14, 15). Hoekenga (16) suggests that aureomycin 
gives a clinical response in amoebiasis which compares favourably with that 
obtained by carbarsone and, although there is no very striking difference 
in activity between aureomycin and terramycin, the latter compound is 
at least equally effective in amoebiasis [Hrenoff (17); Most & Assendelft 
(18); Tobie et al. (19)]. Both aureomycin and terramycin show some activity 
in experimental toxoplasmosis (20, 21, 22). 

Aureomycin is already well established for the treatment of viral and 
rickettsial infections. During the past year terramycin has been used 
successfully against lymphogranuloma inguinale (23, 24), rocky mountain 
spotted fever (25), scrub typhus (26), atypical pneumonia (10), and mouse 
grey lung virus (27). 

In studying experimental infections with feline pneumonitis virus, Knee- 
land & Price (28) noticed that both aureomycin and terramycin appear to 
to permit multiplication of the virus in the lung tissue of treated mice 
during the first four days, but that there is then a sudden fall in the virus 
content of the lungs, and pulmonary lesions do not appear. According to 
Lee (29), aureomycin is ineffective against myxoma and vaccinia viruses, 
and Lepine et al. (30) found that terramycin was ineffective against rabies, 
Newcastle, or variola viruses. Aureomycin also failed to cure herpes zoster 
(31, 32). 

Both aureomycin and terramycin have given excellent results in the treat- 
ment of yaws [Ampofo & Findlay (33); Loughlin et al. (34, 35)]. Both drugs 
are also useful in the treatment of leptospiral infections (36, 37, 38). Terramy- 
cin was effective against Spironema (Borrelia) duttoni when given subcu- 
taneously or orally to infected mice (39). 

Aureomycin is already well established for the treatment of various 
bacterial infections. Recent results show that terramycin has a similar 
antibacterial spectrum (10) and is active in acute brucellosis (40) and 
against pertussis (41, 42), and has some activity also against Pasteurella 
multocida (43) and Vibrio cholera (44, 45). Experimental actinomycete infec- 
tions have been treated with both drugs with some success (46, 47). 

Toxic reactions.—Although no fatal toxic reactions have been reported, 
aureomycin can cause a severe allergic reaction (48). Yesner & Kunkel 
(49) have noted that large doses (4 gm. daily) of aureomycin may cause 
temporary fatty liver, and this was confirmed by Lepper et al. (50). How- 
ever, three volunteers given 2 gm. daily for 30 days showed no sign of liver 
damage [Sutherland et a/. (51)]. Blodgett & Schilling report that, contrary 
to previous claims, aureomycin has no effect on blood clotting time (52). 

Though hardly a toxic reaction, the tendency of aureomycin and terramy- 
cin to cause displacement of the normal mouth flora by the potential patho- 
gen Candida albicans is a hazard in the use of these drugs (53, 54). 
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CHLORAMPHENICOL (CHLOROMYCETIN) 


The structure of chloramphenicol (II) lends itself to studies on the 
relationship between structure and biological activity. During the past 
year reports have appeared on the synthesis of a large number of analogues 
(55 to 66). Unfortunately the biological activity of some of these compounds 


H NH-CO-CHCl, 
, ly |, 3 
O2N ie ieee 
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has not been disclosed. Buu-Hoi et a/. (55, 56) have replaced the nitro 
group by halogen, methyl, or methoxyl without complete loss of biological 
activity, and Feitelson et al. (57) replaced the aromatic ring by a-quinolyl, 
while Long & Troutman (58) replaced the aromatic moiety by a 4-nitro- 
naphthyl group. Huebner & Scholz (59) synthesized various analogues with 
altered side chains but failed to find appreciable activity. This work, together 
with that mentioned already, shows that structural requirements for 
activity are not strictly limited to the aromatic portion of the molecule but 
that modification of the alphatic chain usually results in complete loss of 
activity. However, Long & Troutman (60) report that the analogue with the 
hydroxyl at C, replaced by a keto group has fungicidal activity (Candida 
albicans) at 2.5 ug./ml. The configurational relationship of chloramphenicol 
and nor-y-ephedrine has been confirmed (67). 

Chemotherapy with chloramphenicol—Chloramphenicol is now fully 
established in the clinical management of various bacterial infections. It 
has also been used with success in rickettsial and viral infections. For some 
of these it is less effective than aureomycin and terramycin; thus aureomycin 
and terramycin are effective in experimental grey lung virus infection of 
mice but chloramphenicol is inactive (27) and the same is true for feline 
pneumonitis virus (28). In lymphogranuloma inguinale all three drugs are 
active (23, 66), but Hurst, Peters & Melvin (23) suggest that chlorampheni- 
col is rather less active than the other two antibiotics. In scrub typhus on 
the other hand chloramphenicol appears to be the drug of choice (26). 
Serious toxic reactions with chloramphenicol are remarkable by their 
absence. 

Colorimetric estimation.—Improvements in the procedure for reduction 
and diazotization of the nitro group have been reported by Levine & Fish- 
bach (69). 


STREPTOMYCIN, DIHYDROSTREPTOMYCIN, AND HYDROXYSTREPTOMYCIN 


There have been no outstanding developments in the chemistry of these 
compounds during the past year. The structure of hydroxystreptomycin 
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suggested in last year’s review has been confirmed by Stodola et al. (70). 
The initial enthusiasm for dihydrostreptomycin as a less toxic variant of 
streptomycin has evaporated. The clinical use of streptomycin in tubercu- 
losis is sufficiently well established to require no comment. Combination 
of streptomycin with p-aminosalicylic acid (PAS) has given better results 
in pulmonary tuberculosis than streptomycin alone (71, 72) and the develop- 
ment of resistance is delayed. Spain & Childress (73) report that in experi- 
mental tuberculosis (guinea pig) dihydrostreptomycin in combination with 
a thiosemicarbazone is superior to a dihydrostreptomycin—PAS mixture; 
Levaditi et al. (74) also report favourably on a dihydrostreptomycin-thio- 
semicarbazone mixture. Heepe & Santelmann (75) preferred a mixture of 
streptomycin, PAS, and thiosemicarbazone in the treatment of tuberculous 
meningitis. 

The observation of Vanderlinde & Yegian (76) that large numbers of 
streptomycin dependent tubercle bacilli can be injected into guinea pigs 
without producing disease suggests that the use of these organisms instead 
of the tubercle bacillus vaccine (BCG), in attempts to produce immunity 
might be worth consideration. 

Toxic reactions to streptomycin and dihydrostreptomycin.—The most fre- 
quent serious toxic reaction to streptomycin is loss of labyrinthine function, 
but no evidence has been found of accumulation of the drug in the brain 
(77). Riiedi et al. (78) have made a histological study of the effect of large 
doses of streptomycin on the vestibular apparatus of the guinea pig and 
demonstrated local degeneration (cf. 79). Bignall, Crofton & Thomas (80) 
think that antihistamine drugs may reduce the incidence of vestibular 
damage. Gros et al. (83) found that a streptomycin-oleic acid complex was 
less toxic than streptomycin. Both Kahl (81) and O’Connor et al. (82) found 
that dihydrostreptomycin caused serious damage to the auditory system 
and that for patients this was much more serious than loss of labyrinthine 
function. 

Streptomycin production—Chesters & Rolinson (84) found that five 
times as much iron was required for maximum streptomycin production as 
for growth alone. Perlman, Langlykke & Rothberg (85) found that Strepto- 
myces griseus could be protected against phage by addition to the medium 
of calcium sequestering agents. 


OTHER ANTIBIOTICS FROM ACTINOMYCETES 


Actinomycin.—Direct comparison between actinomycin A of Dalgliesh 
et al. (86), and actinomycin C of Brockmann et al. (87) has shown that the 
two compounds are closely related but not identical chromopeptides. These 
two compounds were obtained from different actinomycetes. Actinomycin A 
gives on acid hydrolysis L-threonine, sarcosine, D-valine, L-methylvaline, 
and L-proline (86). Actinomycin C gives D-alloisoleucine, as well as the other 
five amino acids (87). Additional information on the actinomycins is given 
in last year’s review. 
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Fradicin.—Fradicin, probably C3oH3,NsO., was obtained crystalline 
from Streptomyces fradiae by Hickey & Hidy (88). The existence of this 
antibiotic, active against fungi but not against bacteria, was reported last 
year (89). The pure compound is sparingly soluble in water, has a molecular 
weight of about 500 and is a weak base. The intraperitoneal LDs5o for mice 
is about 4 mg./kg. and the compound is a skin irritant. It has very slight 
irritant action at 50 wg./gm. and is fungicidal at 1 to 10 ug./gm. 

Fungicidin.—Fungicidin has been obtained by Hazen & Brown (90) 
from a streptomyces but is not yet in a pure state; this compound is dis- 
tinguished from fradicin by its lower toxicity. The LDs5o intraperitoneally 
for mice was about 20 mg./kg. Like fradicin it is fungicidal but lacks anti- 
bacterial action. It has been shown to possess therapeutic activity against 
pathogenic fungi in mice. 

Grisein.—A red antibiotic containing iron has been isolated from Strepto- 
myces griseus culture fluid by Kuehl, Bishop, Chaiet & Folkers (91). The 
probable composition is Cg4oHe:NioO20S Fe. The iron is present in the form 
of a complex and it can be removed with 8-hydroxyquinoline. Removal of 
iron is accompanied by a fall in antibiotic activity which is restored when 
the iron complex is reformed. Acid hydrolysis yields 3-methyluracil, glutamic 
acid, and an unidentified compound which reacts with ninhydrin. 

Neomycin.—The information given in last year’s review has now been 
published (92, 93, 94). Leach & Teeters (95) claim that neamine 
(CsHi2-14N203), an acid degradation product of neomycin, has considerable 
antibiotic activity. The infrared spectrum of neomycin is said to be charac- 
teristic of a polyamide structure (96); there is still some doubt as to how 
many neomycins exist and which of the various compounds are pure. 

Clinical use of neomycin—Neomycin is undoubtedly active against 
many pathogenic bacteria (97, 98) and has given promising results in virus 
pneumonia and nonpulmonary tuberculosis [Kadison et al. (99)] as well as 
in nontubercular genito-urinary cases [Duncan et al. (100)]. Nevertheless 
it cannot at present be classed as an established therapeutic remedy. 
Karlson, Gainer & Feldman (101) reported last year that neomycin caused 
kidney damage in guinea pigs. Serious nephrotoxic reactions have also been 
reported in humans and in dogs (102, 103), and Carr et al. (104) found that 
four patients became progressively deaf after neomycin therapy. The clinical 
use of neomycin cannot therefore be justified if the same result can be 
attained with a less toxic antibiotic. 

Netropsin.—Finlay et al. (105) have published in detail the information 
given in last year’s review. 

Nocardamin.—Stoll, Brack & Renz (106, 107) have isolated from No- 
cardia a crystalline antibiotic, nocardamin, with the empirical formula 
CyHisN:O3;. The compound was inhibitory towards Mycobacterium tubercu- 
losis in the Tween-albumin medium of Dubos but was less active in the 
presence of serum. It has little antibiotic action against staphylococci, 
streptococci, coli, or dysentery bacteria. On acid hydrolysis, nocardamin 








BIOCHEMISTRY OF ANTIBIOTICS 437 


gave succinic acid and a base hydrochloride C;H,3;N2OCI- HCl. Only one of 
the chlorines of this compound is ionic and only one of the nitrogens basic. 
On reduction (Sn/HC1) the C;-base was converted to cadaverine. The struc- 
ture (III) is proposed for nocardamin and the acid hydrolysis and reduction 
are envisaged as indicated, (III)——>(IV)—-—>(V). 


Hp HH Hg H2 He 
ois a in HOOC —— C—— C—— COOH 
be N-OH 
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Considerable additional evidence for structure (III) is given in the original 
paper (107). 

Picromycin.—Brockmann & Henkel (108) have published in detail the 
information given on picromycin in last year’s review. They suggest that 
picromycin may be identical with proactinomycin (109). 

Resistomycin.— Brockmann & Schmidt-Kastner (110) have obtained from 
S. resistomyciticus, a new antibiotic active against M. tuberculosis in vitro. 

Rhodomycetin——From a mutant of a streptomycin producing strain of 
Streptomyces griseus, Shockman & Waksman (111) have isolated a red 
powder with antibiotic activity. It is relatively nontoxic to mice but fails to 
protect against Staphylococcus aureus. Rhodomycetin is distinct from 
rhodomycin (112) but resembles actinorhodin (113). 

Rhodomycin.—The information given in last year’s review on rhodomycin 
has now been published in detail (112). 

Vinactin.—An interesting new group of peptide antibiotics has been 
isolated from Actinomyces vinaceus by Townley, Mull & Scholz (114). 
Two of these, vinactins A and B, are active against M. tuberculosis in vivo. 
Vinactin A has been found by Mayer et al. (115) to be active against Klebsiella 
pneumoniae, Bacillus anthracis, and M. tuberculosis infections in mice and 
was also active against Rickettsia typhi in embryonated eggs. 

On acid hydrolysis vinactin A gives lysine, serine, alanine, glycine, 
glutamic acid, and aspartic acid. Vinactin B gives the same amino acids. 
Vinactin C gives serine, sarcosine glycine, and an unidentified amino acid. 
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Viomycin.—Viomycin is another promising new antibiotic isolated from 
an actinomycete during the past year. Two laboratories (116, 117) have 
isolated independently a crystalline sulfate from filtrates of Streptomyces 
floridae. Haskell et al. (118) suggest an empirical formula, C;sH3~33NsOs, 
for the free base. The compound has some of the characters of a polypeptide. 
In strong acid four of the nine nitrogen atoms are released as primary amino 
groups, and at least two of these are a-aminocarboxylic acids. Acid hydrolysis 
also liberates COs, urea, and ammonia. After acid hydrolysis, two dimen- 
sional paper chromatography showed the presence of five major ninhydrin 
spots. One of these was identified as L-serine, another as a-8-diaminopro- 
pionic acid, and a third was a basic amino acid with the empirical formula, 
CsHigN2Oe. Bartz et al. (116), Finlay et al. (117), Ehrlich e¢ al. (119), and 
Hobby et al. (120) agree that this antibiotic is particularly active against 
mycobacteria. 

Chemotherapy with viomycin Youmans & Youmans (121) report that 
viomycin gives results comparable to streptomycin in mouse tuberculosis. 
Karlson & Gainer (122), Steenken & Wolinsky (123), and Gernez-Rieux 
et al. (124) report that it is effective in tuberculous guinea pigs. Werner 
et al. (125, 126) have reported preliminary clinical trials, but insufficient 
information is available as yet to assess the therapeutic value of this drug. 
Strains of tubercle resistant to viomycin develop rather readily, but strepto- 
mycin resistant strains are sensitive to viomycin (119, 123, 125). 

Toxicity of viomycin.—The LDgo of viomycin given intravenously to mice 
is from 200 to 300 mg./kg. (116, 120, 127). Although treated guinea pigs, 
rats, or dogs showed no toxic reactions (123), P’an et al. (127) observed 
disturbances of posture and gait in cats, and Werner et al. (125) found 
signs of renal irritation, impairment of vestibular function, and deafness in 
patients treated with the drug. 


ANTIBIOTICS FROM ASCOMYCETES 


Cordycepin.—Spring and his colleagues (128) have isolated from culture 
filtrates of Cordyceps militaris an interesting new antibiotic inhibitory to 
various strains of B. subtilis and to mycobacteria. Crystalline cordycepin 
has a molecular weight of about 250 and a molecular formula, C;9H;3;N;5Os,. 
It is relatively nontoxic to animals. Bentley, Cunningham & Spring (129) 
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obtained a 3-deoxypentose and adenine by acid hydrolysis of cordycepin. 
The 3-deoxypentose has a branched carbon chain and in the original com- 
pound is attached to the 9-position of the adenine moiety. The structure 
(VI) is proposed for cordycepin. 


ANTIBIOTICS FROM BASIDIOMYCETES 


6- Methyl-1,4-naphthoquinone-—The crystalline antibiotic isolated in 
1948 by Brendz (130) from Marasmius graminum has now been shown to be 
indistinguishable from synthetic 6-methyl-1,4-naphthoquinone (131). 

Quadrifidin—From the culture filtrate of Coprinus quadrifidus Doery 
et al. (132) have obtained a group of rather unstable antibiotics. Two of 
these were crystallized and had the properties of unsaturated aldehydes. 
Crystalline quadrifidin B, inhibited the growth of tubercle bacilli but was 
highly toxic to mice. These compounds may be related chemically to other 
unstable antibiotics obtained from Basidiomycetes (133, 134, 135). 

Survey of basidiomycetes—Wilkins & Partridge (136) have made a pre- 
liminary survey of 500 basidiomycetes for antibiotic production. 


ANTIBIOTICS FROM FUNGI IMPERFECTI 
(ASPERGILLUS, CEPHALOSPORIUM, GLIOCLADIUM, AND PENICILLIUM) 


As penicillin is the only antibiotic from the fungi imperfecti which has 
become established in therapeutics, it is discussed first. During the past 
year, however, a new antibiotic, fumagillin, produced by Aspergillus fumi- 
gatus has been shown to have considerable amoebicidal activity. Assessment 
of the drug will have to await clinical trials but experiments with monkeys 
and rats suggest that it may be of value in the treatment of amoebic dysen- 
tery. 


PENICILLIN 


Considerable interest in the synthesis of penicillin analogues has con- 
tinued during the past year. The biosynthesis of various mercaptomethyl- 
penicillins is recorded by Philip et al. (137). Baker & Ollis (138) synthesized 
the isomeric peptides N(N’-phenylacetyl--seryl)- and N(N’-phenylacetyl- 
p-seryl)-D-penicillamine as possible biological precursors of benzylpenicillin 
but both compounds failed to stimulate penicillin production by a penicillin- 
producing mould. N(N-phenylacetyl-a-pL-glutamy])-pD-penicillamine was 
also synthesized as a possible precursor of penicillin, but this compound 
also failed to act as a biological precursor of penicillin (139). 

Staveley & Berestecki (140) have synthesized analogues of 6-methyl- 
benzylpenicillin (VII; Ri: =CH3, Re=H) since they expect formation of the 
B-lactam ring to be facilitated by the presence of the methyl group. The 
methyl ester of 6-methyl-p-benzylpenicilloate (VIII; Ri:=CHs, R.=H, 
R;=OCH;) was synthesized by condensation of the ester of a-methylpenaldic 
acid diethyl acetal with p-penicillamine (141). 
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The general method of B-lactam synthesis, developed by Sheehan and 
his colleagues (142) and reported in last year’s review, has been used to syn- 
thesize a series of penicillin analogues (143 to 147). The method can be 
expressed in general terms as below, IX+X—XI. 


A 33 
R,-¢ Ne-r, Ry -Cg—Cy gE Ry 
R,-CH,-COocl + | | Mt het ven | | 
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In the earlier experiments, R; was phthalamido (142, 143, 144), and a series 
of penicillin analogues was synthesized with R, = phenyl. In later papers (146, 
147) the phthalamido group was replaced by a 5-phenyloxazolidine-2,4-dione 
group (XII) or bya 2-benzylidine-4,5-diketooxazolidine group (XIII), meth- 
ods being available for the conversion of both these protective groupings 
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into the phenylacetylamino group present in benzyl penicillin. In this way 
Sheehan & Corey (147) synthesized an analogue of penicillin represented by 
(XI), where R, = PhCH,CO, Re= He, R3=He, Ry=Ph. This compound had 
an infrared spectrum with the characteristic B-lactam band of penicillin. 
Other analogues were synthesized by Sheehan & Laubach (145). 

Sus (148) has continued his studies on the complete synthesis of peni- 
cillin and has achieved limited success in the final azlactonization of sodium 
benzylpenicilloate. The yield was rather lower than that obtained by con- 
densation of 2-benzyl-4-methoxymethylene-5(4)-oxazolone and p-penicil- 
lamine [du Vigneaud et al. (149)]. Butenandt et al. (150) have studied the 
reaction between benzylpenaldic acid azide and penicillamine in formamide. 
A product was obtained with slight antibiotic activity, apparently not due 
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to penicillin. Some studies on the synthesis and properties of simpler B- 
lactams have also been published (151, 152). 

Chemotherapy with penicillin Many papers have appeared during the 
past year on the clinical use of penicillin, but in the main they serve only 
to confirm already well-established practice. Modified forms of penicillin 
for oral administration continue to be tried (153, 154), but it seems unlikely 
that they will remove the need for parenteral administration. The diethyl- 
aminoethyl ester of benzylpenicillin [Nielsen et al. (155)] is secreted to a 
marked extent in the lungs and may be particularly useful in nontuberculous 
pulmonary infections (156). Benemid [p-(di-n-propylsulfamyl!)-benzoic acid], 
a drug which lowers the rate of penicillin excretion, has received favorable 
comment (157). Fogh (158) has obtained some evidence of the co-operation 
between the natural defence mechanisms of the host tissues and the injected 
penicillin. Foy, Kondi & Hargreaves (159) report the response of a megalo- 
blastic macrocytic anaemia to penicillin, an effect presumably brought 
about by a change in the flora of the gut. 

Toxicity of penicillin.—Occasional severe and even fatal allergic reactions 
to penicillin continue to be reported (160 to 162). 


OTHER ANTIBIOTICS FROM PENICILLIUM 


Frequentic acid.—Grove & Brian (163) have shown that frequentic 
acid is identical with citromycetin. 

Frequentin.—Curtis et al. (164) report the isolation of an antibiotic 
aldehyde CisH2oO, from P. frequentans. 

Griseofulvin and dechlorogriseofulvin——MacMillan (165) has isolated 
from P. griseofuluum an analogue of griseofulvin. Grove et al. (166) suggest a 
new structure (XIV) for griseofulvin. In dechlorogriseofulvin the halogen 
is replaced by a hydrogen. 


Oo = 
oy OCH3 
=H 
‘ec: :0 
CH30 Noch 
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ANTIBIOTICS FROM ASPERGILLUS 


Fumagillin——At various times helvolic acid, gliotoxin, fumigacin, 
fumigatin, and spinulosin have been obtained from cultures of A. fumigatus. 
Fumagillin is said to differ from all these. The molecular formula is probably 
Cs;H30; [Elbe & Hanson (167)]. The LDso (subcutaneous) in the mouse is 
800 mg./kg. and orally 2 gm./kg. was tolerated. McCowen, Callender & 
Lawlis (168) report that this antibiotic is amoebicidal in vitro at a concentra- 
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tion of 1 in 131 million. Rats infected with Endamoeba histolytica were 
cleared in two days by a dose of 11 mg./kg. Hrenoff & Nakamura (169) 
report the in vitro amoebicidal concentration as 1 in 10 to 15 million and 
obtained promising results in a five-day treatment of monkey amoebiasis 
at a dose of 50 to 125 mg./kg./day. 


ANTIBIOTICS FROM CEPHALOSPORIUM 


Several antibiotics have been obtained from an unnamed species of 
cephalosporium by Burton & Abraham (170). Cephalosporins P,, Ps, Ps, Ps, 
and P; were extractable from culture filtrates with organic solvents, cephalo- 
sporin N remained in the aqueous phase. P;, Pz, and Py have been crystallized. 
Only P, has been tested in animals [Ritchie, Smith & Florey, (171)]. Given 
intravenously to mice P,; was toxic at about 500 mg./kg. After subcutaneous 
injection, the blood concentration of P; was well sustained, but despite this 
the drug was ineffective in S. aureus infections. 

Another mould belonging to the genus Cephalosporium (Tilachlideum) 
has been used as a source of an antibiotic of low toxicity by Gottshall 
et al. (172). A pure substance has not been isolated but the partly purified 
material protected mice against pneumococcal infections. 


ANTIBIOTICS FROM GLIOCLADIUM 


Culture filtrates of a strain of G. roseum contained a mixture of three 
chloroform soluble antibiotics; all three were obtained pure. Gliorosein has 
the empirical formula, CjgH4O,4. Rubrogliocladin (C29H2»03) and aurantio- 
gliocladin (CjoH1204) are related as quinone and quinhydrone. The quinone 
and quinhydrone are both inhibitory to Botrytis allii, B. subtilis, and E. coli 
[Brian et al. (173)]. 


_ ANTIBIOTICS FROM EUBACTERIALES 


Four antibiotics of undoubted therapeutic value have been isolated 
from actinomycetes and one from the fungi imperfecti. Several powerful 
antibiotics have been isolated from bacteria but, because of excessive 
toxicity, none has become established in medical practice. Nevertheless 
it would be unwise to assume that organisms of the order Eubacteriales can 
be ignored in the search for further useful drugs. The isolation of the vinac- 
tins, a group of peptides produced by A. vinaceus (see page 437) will provide 
further information on the animal toxicity of antibiotic peptides and may 
well refocus attention on the various antibiotic peptides produced by the 
Eubacteriales. 


ANTIBIOTICS FROM BACILLUS 


Bacillomyxin.—Tint & Reiss (174) report that bacillomyxin, an anti- 
fungal compound produced by B. subtilis, is a peptide and gives on hy- 
drolysis glutamic acid, aspartic acid, tyrosine, serine, and threonine. Oxida- 
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tion of the hydrolysate with p-amino acid oxidase indicated that more than 
50 per cent of the amino acid was of the D form. 

Bacitracin (ayfivin).—Newton & Abraham (3) have shown that the crude 
antibiotic peptide ayfivin, produced by B. licheniformis, is a mixture of 
three biologically active peptides and that these are the same as the three 
peptides produced by B. subtilis (bacitracins A, B, and C); the name ayfivin 
is accordingly abandoned. Newton et al. (175) report that a dose of 342 
mg./kg. of bacitracin A given intravenously to mice was toxic; B was toxic 
at 500 mg./kg.; and C was toxic at 75 mg./kg. In chronic toxicity tests 
both A and B caused kidney damage; the chronic toxicity of C was not esti- 
mated. 

Bacitracin has been found useful as a food supplement for livestock 
(see page 450). It may be of use also in the treatment of amoebic colitis 
[Most et al. (14)]. 

Gramicidin D (Dubos).—Gramicidin is a mixture of neutral peptides 
containing no free amino or carboxyl groups. James & Synge (176) have 
made an intensive study of the chemical properties of this peptide mixture 
with particular reference to the production of ethanolamine on acid hydroly- 
sis. It is tentatively suggested that the ethanolamine residue is incorporated 
as such in gramicidin and that it is linked through its hydroxyl group to a 
peptide bond and through its amino group to an indole group of tryptophan 
or to an enolized peptide bond. 

Licheniformin.—Callow & Work (5) have resolved crude licheniformin 
(177) into three antibiotic peptides, A, B, and C. These peptides differ from 
the ayfivins (3) (see above) in spite of the fact that they are also obtained 
from B. licheniformis. Licheniformins A and B give on acid hydrolysis 
aspartic acid, serine, glycine, proline, valine, phenylalanine, lysine and 
arginine; C contains, in addition, glutamic acid. All three peptides are prob- 
ably cyclic. A and B have been analyzed quantitatively and have remarkably 
similar amino acid composition, optical rotation, and molecular weight. They 
are nevertheless separable by countercurrent fractionation and have different 
animal toxicities. Licheniformin A, the least toxic of the three peptides, 
was not as effective as streptomycin in the chemotherapy of mouse tubercu- 
losis. 

Polymyxins.—Some clinical trials with polymyxins have been reported 
(178, 179). Kagan et al. (179) conclude that, despite the rather severe toxic 
reactions to these peptides, their use may occasionally be justified in infec- 
tions caused by Pseudomonas aeruginosa, E. coli, Haemophilus influenzae, 
and Aerobacter aerogenes. Nash & Reynolds (4) report screening of 123 
strains of B. polymyxa for antibiotic production. Eleven strains were classed 
as producers of polymyxin B or E. Thirteen strains produced mainly poly- 
myxin A and three produced an antibiotic resembling polymyxin D. 

Subtilin—Brink, Mayfield & Folkers (180) have purified subtilin con- 
centrates by countercurrent fractionation. Alderton & Fevold (181) and 
Lewis & Snell (182) are agreed that subtilin contains a considerable quantity 
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of sulfur but not as cystine or methionine residues. The sulfur is present 
partly as meso-lanthionine and partly as an unidentified diaminodicarboxylic 
acid, C;H,4N.0,S (182). Lewis & Snell suggest that the minimum molecular 
weight of subtilin is about 3400. The molecule is said to contain the following 
amino acid residues: glycine, 2; alanine, 1; valine, 1; leucine, 4; isoleucine, 1; 
proline, 1; phenylalanine, 1; tyrosine, 1; lysine, 3; aspartic acid, 1; glutamic 
acid, 3; lanthionine, 1; and unknown sulfur acid, 4. 


ANTIBIOTICS FROM BACTERIA OTHER THAN THE GENUS BACILLUS 


Escherichia coli.—Fredericq (183, 184) reports that a strain of E. coli 
exposed to the action of T. phage acquired new antibiotic properties. 

Micrococcus.—An unidentified strain of a micrococcus gave an antibiotic 
(micrococcin) almost insoluble in water [Markham et al. (185)]. This material 
was not unduly toxic and had antitubercular activity but was ineffective in 
the treatment of tuberculous infections in rabbits or guinea pigs (186). 

Pseudomonas aeruginosa.—As reported in the Annual Review of Bio- 
chemistry for 1949, several antibiotics have been isolated from a strain of 
Pseudomonas. Wells (187) has now established the structure of one of these, 
Pyo Ic, as 2-nonyl-4-quinolinol. 


GROWTH INHIBITORS FROM HIGHER PLANTS 


Although some previous reviewers have mentioned growth inhibitors 
from higher plants as antibiotics, they are omitted entirely from the present 
review. This is done partly because of limitations of space and partly because 
of the conviction that these compounds cannot be classed as antibiotics. 
If, for example, alliin is classed as an antibiotic, there seems to be no logical 
reason why quinine or emetine should be excluded. 


ACQUIRED RESISTANCE TO ANTIBIOTICS 


Drug resistance may be regarded as a problem in practical therapeutics, 
as a problem in genetics, or as a tool in studying the biochemistry of drug 
action. In considering the work published during the last year, it is con- 
venient to examine each of these three facets of the problem more or less 
separately. 

Resistance and practical therapeutics; the use of mixed antibiotics —There 
is no doubt that infections caused by staphylococci are more often resistant 
to penicillin than they were seven years ago, but there is as yet no agreement 
as to whether it is necessary to restrict the use of the established antibiotics 
in order to preserve their clinical efficacy. 

Spink (188) reports that the incidence of penicillin-resistant staphylo- 
coccal infections was 12 per cent in 1942 and 50 per cent in 1949; Chabbert 
(189) also remarks on the increased incidence of resistant strains. There is 
no evidence yet of a similar increase in penicillin resistance in other types of 
infection, and Herrell (190) suggests that the problem of penicillin resistance 
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has been grossly exaggerated. However, we know that resistant strains of 
various organisms have been developed in vitro and it seems somewhat 
rash to assume that what has happened with staphylococci cannot happen 
with the other penicillin-sensitive pathogens encountered in clinical practice. 

It has of course been recognized for some time that the development of 
streptomycin-resistant strains of the tubercle bacillus limits the usefulness 
of this drug, but the introduction of p-aminosalicylic acid (PAS) has sug- 
gested a new solution to the problem. Although PAS alone is of limited 
value, a mixture of PAS and streptomycin is more effective than either drug 
alone, and this increased efficacy is probably attributable largely to the 
tendency of PAS to inhibit the emergence of streptomycin-resistant 
strains. 

It seems a reasonable assumption that an organism is less likely to become 
resistant to two antibiotics simultaneously than to one single antibiotic 
(191, 192). On this basis, several laboratories have studied the use of anti- 
biotic mixtures and the subject has been reviewed by Welsch (193). Gunnison 
and his colleagues (194 to 197) have produced extensive evidence that aureo- 
mycin, terramycin, and chloramphenicol can interfere with the action of pen- 
icillin. The recognition of interference obviously depends, however, on the 
methods used; thus, Armstrong & Larner (198) found no incompatibility ex- 
cept between chloramphenicol and penicillin, and Richou et al. (199) failed to 
find any incompatibility. Jawetz, Gunnison & Speck (200) reported that 
aureomycin, chloramphenicol, or terramycin could interfere with the action 
of streptomycin, but the earlier results of Lankford & Lacy (201) show how 
dependent is the result on the methods used. A mixture of penicillin and 
streptomycin has long been regarded as synergistic (191, 197, 202). Roux & 
Renoux (203) report that synergism between chloramphenicol and aureo- 
mycin against brucella varies with the strain of organism used in the test. 

These effects are usually not of great magnitude and probably of minor 
therapeutic significance. A plausible explanation of the antagonism between 
penicillin and other drugs is as follows: penicillin is not bactericidal to an 
organism which is not growing. If a substance which is bacteriostatic is 
mixed with penicillin, it may inhibit bacterial growth and thus inhibit the 
fatal fixation of penicillin during the critical period when concentration 
of penicillin is high. 

There are still further complications in the use of mixtures of antibiotics; 
Pansy et al. (204) showed last year that several organisms rendered resistant 
to either aureomycin, terramycin, or chloramphenicol also became, at 
the same time, resistant to the other two [cf. also Herrell (205)]. Chandler 
et al. (206) found that penicillin-resistant strains of Staph. aureus were 
rendered nonresistant by exposure to aureomycin. It is obvious then that 
although the use of a mixture of several antibiotics is theoretically attrac- 
tive as a solution to the problems of resistance, there are numerous compli- 
cating factors and much work will be required to establish the optimum 
conditions. Meanwhile it would seem wise to avoid the indiscriminate use of 
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valuable antibiotics, especially for nonclinical purposes such as the fattening 
of swine (see page 450). 

Mutation and adaptation.—Two theories, a mutation theory and an 
adaptation theory, have been propounded in explanation of the emergence 
of drug resistance; there has been an unfortunate tendency to regard these 
two theories as mutually exclusive. There appears to be no doubt that single- 
step selection of a strain highly resistant to streptomycin is mutative in 
character, but it does not follow automatically that all examples of resistance 
are necessarily so. Lederberg (207) and Yegian & Budd (208) have studied 
the genetic aspect of streptomycin-resistant and streptomycin-dependent 
strains respectively. Lederberg suggests that streptomycin resistance in 
E. coli is a genetically recessive mutation. Yegian & Budd found that a 
streptomycin-dependent mycobacterium segregated into six variants, each 
of which bred true. Mitchison (209) found that streptomycin-resistant 
strains of M. tuberculosis could be segregated into groups with three charac- 
teristic levels of resistance. Gibson & Gibson (210) found that E. coli strains 
could be segregated into two groups, one slightly resistant and the other 
extremely resistant to streptomycin. Gibson & Gibson suggest that the strains 
of low resistance are adaptive, but their evidence for this does not exclude 
mutation. Barer (211) has studied streptomycin resistance in Aerobacter 
aerogenes and suggests that some examples of variation may be adaptive in 
character. Hughes (212) has used single cell cultures to study inheritance 
of penicillin sensitivity in Staph. aureus. 

Resistance and metabolism.—English & McCoy (213, 214) found that a 
streptomycin-resistant strain of Staph. aureus was capable of faster growth 
in an incomplete medium than the parent strain. The difference was traced 
to a change in biotin requirements. The resistant strain was capable of rapid 
growth in the absence of biotin, the parent strain was not. Strains were 
then selected by subculture of the parent strain in a biotin deficient medium. 
One strain was found capable of rapid growth and this strain, although it 
had no previous contact with streptomycin, was highly resistant. There is 
obviously in this case no question of adaptation to the drug. The importance 
of pH in determining whether a strain of tubercle is to be classed as resistant 
or dependent is emphasized by Hurwitz (215). 

Sakakibara (216) found that a streptomycin resistant strain of E. coli 
dehydrogenated succinate as rapidly as a normal strain, but a resistant 
strain of Staph. aureus dehydrogenated succinate much more slowly than 
the parent strain. 

Some additional information on the biochemical changes found in resist- 
ant strains is given in the next section. 


THE MODE OF ACTION OF ANTIBIOTICS 


All the really useful antibiotics have one property in common; they are 
capable of inhibiting pathogenic organisms without damaging the tissues 
of the host animal. If we grant that they probably act by inhibiting essential 
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enzymic reactions in the micro-organism the question immediately arises, 
why do they not inhibit also essential enzymic reactions of the host cells? 
Two types of answer have been offered to this problem, one invoking selec- 
tive permeability, and the other biochemical specificity (217). 

There was a tendency some years ago to assume that, because a particu- 
lar enzymic reaction was of importance in animal tissue, it must also be of 
importance in yeasts and bacteria. It is gradually becoming obvious that 
this is not so. Campbell in Canada showed some years ago that the glycolytic 
system common to muscle and yeast did not necessarily assume such a 
central position in the metabolism of bacteria. It is now realized that, 
while the tricarboxylic acid cycle may be of vital importance in aerobic 
oxidation by animal cells, it is of lesser importance in, or even absent from, 
certain bacterial cells [Barrén et al. (218)]. Recent work suggests that each 
organism is an individual problem; thus, Ajl & Wong (219) suggest that 
Aerobacter aerogenes utilizes simultaneously a di- and a tricarboxylic acid 
cycle, but Ajl & Kamen (220, 221) conclude that in E. coli acetate is not 
oxidized by the tricarboxylic acid cycle. The tricarboxylic acid cycle is also 
thought to be unimportant in the aerobic metabolism of the mould Rhizopus 
nigricans, but it appears to occur in Aspergillus niger [Foster et al. (222); 
Martin et al. (223)]. These details are mentioned because they are relevant 
to the study of the mode of action of streptomycin. 

Streptomycin.—Umbreit and his colleagues (224 to 228) have made an 
intensive study of the mechanism of action of streptomycin on E. coli and 
suggest that the drug inhibits an oxaloacetate-pyruvate condensation. 
Since this reaction occurs as part of the tricarboxylic acid cycle in animal 
tissue, Umbreit suggested that the selective action of streptomycin must be 
explained by selective permeability which prevented streptomycin from 
reaching the critical enzyme in the animal cell. The results of Ajl & Kamen 
(220, 221) suggest that the difference may equally well lie in some subtle 
difference between the metabolic pathways in the two types of cell. 

The action of dihydrostreptomycin on E. coli has been analyzed by 
Barkulis (229). Dihydrostreptomycin inhibited anaerobic as well as aerobic 
dissimilation of pyruvate. A resistant strain fermented pyruvate more 
slowly than the parent sensitive strain. According to Barkulis (229a), 
the nature of the aerobic oxidation of pyruvate by £. coli may vary with 
the strain and with the cultural conditions. Thus, although streptomycin and 
dihydrostreptomycin undoubtedly act as inhibitors of pyruvate metabolism, 
the exact significance of this inhibition is still uncertain. It cannot be as- 
sumed without question that we have a complete explanation of the chemo- 
therapeutic action of streptomycin even in E. coli infections, and it certainly 
cannot be assumed that evidence obtained using E. coli is necessarily appli- 
cable to M. tuberculosis. 

Lichstein & Gilfillan (230) have shown that streptomycin inhibits 
pantothenate synthesis by Saccharomyces fragilis. Oginsky et al. (231) found 
that streptomycin was toxic to a streptomycin-producing strain of S. griseus. 
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Zeller and his colleagues (232, 233) have continued their studies on the 
inhibition of diamine oxidase by streptomycin. The diamine oxidase of a 
streptomycin-sensitive 4. smegmatis was inhibited by streptomycin, but the 
enzyme of a resistant strain was not. A higher concentration of streptomycin 
is required to inhibit mammalian diamine oxidase than is required to inhibit 
bacterial diamine oxidase, but the authors doubt whether this is of signifi- 
cance in explaining the efficacy of streptomycin in tuberculosis. 

Penicillin —Penicillin does not inhibit carbohydrate metabolism and is 
not toxic to sensitive organisms except under conditions where growth is 
possible. It is therefore permissible to adopt the working hypothesis that 
this drug inhibits the synthesis of new protein or nucleoprotein. Last year 
Hotchkiss (234) made the significant discovery that penicillin prevented 
protein synthesis by staphylococci in a medium containing glucose and 
amino acids. The amino acids were utilized at the same rate as before 
addition of penicillin but extracellular peptide was formed instead of intra- 
cellular protein. Gale & Paine (235) have confirmed the results of Hotchkiss. 
Although their experimental conditions differed in detail from those of 
Hotchkiss, they also found that penicillin could inhibit formation of com- 
bined cellular glutamate while permitting accumulation of peptide glutamate 
in the medium. Gale & Paine and Gale (236) also examined the effect of 
other inhibitors on the uptake of glutamate by washed Staph. aureus and 
on the formation of combined glutamate within the cell. Sodium azide and 
2,4-dinitrophenol inhibited both processes, 8-hydroxyquinoline inhibited 
uptake of glutamate, while chloramphenicol and aureomycin tended to 
inhibit formation of combined glutamate rather than uptake of amino acid. 
Some years ago, Klotz and his colleagues (237) failed to find any significant 
inhibition by penicillin of methionine fixation (i.e., protein synthesis) by 
washed E. coli. In the light of more recent results this failure may have 
been due to the rather special cultural conditions required to demonstrate 
inhibition of protein synthesis by penicillin or alternatively it may be a 
reflection of the difference in metabolism between a gram-positive and a 
gram-negative organism. 

Simmonds & Fruton (238) have shown that the dipeptide leucylglycine 
had some effect in reversing the bacteriostatic action of penicillin on a gram- 
negative bacillus, while a mixture of glycine and leucine had no effect. This 
antagonism is only apparent under carefully controlled cultural conditions 
and, considered in isolation, it would not be regarded as significant, but 
taken together with the work of Hotchkiss and of Gale it suggests that 
penicillin may interfere with formation of certain peptide bonds. Binkley & 
Olson (239) have found that penicillin in high concentrations inhibits an 
enzyme responsible for the hydrolysis of glutathione and Hanes and his 
colleagues (240) have found that it inhibits transpeptidation. 

During the past few years much evidence has been obtained, particularly 
by Macheboeuf (241, 242) and by Mitchell (243, 244) that penicillin causes 
a profound disturbance of nucleic acid metabolism. This evidence is not 
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necessarily contradictory to the idea that penicillin interferes with protein 
synthesis; the work of Cassperson and others has linked together nucleic 
acid metabolism and protein synthesis. 

Aureomycin, chloramphenicol, terramycin, and bacitracin.—There is as yet 
little information on the mode of action of other antibiotics. As already 
mentioned Gale & Paine (235) found that aureomycin and chloramphenicol 
interfered with protein synthesis, in Staph. aureus. Van Meter & Oleson 
(245) examined the effect of aureomycin on the respiration of liver homoge- 
nates and found that, in the absence of citrate, respiration was inhibited by 
aureomycin; in the presence of citrate, oxygen consumption remained 
normal for 30 min. Hahn & Wisseman (246) found that chloramphenicol, 
aureomycin, and terramycin inhibited the formation of adaptive enzymes 
by E. col. Truhaut, Lambin & Boyer (247) found that tryptophan was 
able to prevent to some extent the action of chloramphenicol on E. typhi. 
Huang & Niemann (248) showed that chloramphenicol was a competitive 
inhibitor in the hydrolysis of nicotinyl-L-tryptophan amide by chymo- 
trypsin. 

Paine (249) finds that there is a resemblance between the action of 
penicillin and bacitracin. Bacitracin inhibits glutamate uptake in Staph. 
aureus in a similar way to penicillin. A penicillin-resistant strain was also 
resistant to bacitracin. 

Antimycin.—The remarkable specificity of the action of antimycin has 
been demonstrated by Potter & Reif (250). This antibiotic inhibits the suc- 
cinoxidase system. For a wide range of tissues, 8X10~-* gm. antimycin 
caused 50 per cent inhibition of succinoxidase activity when the amount 
of tissue used was sufficient to give a succinoxidase activity of 100 ul. 
02/10 min. at 38°C. Since the succinoxidase content of these tissues varied 
widely, this means that antimycin was quantitatively titrating a specific 
component of the succinoxidase system. 


MISCELLANEOUS STUDIES? 


Electric charges —McQuillen (251, 252) has measured the effect of strep- 
tomycin and penicillin on the electrophoretic mobility of Staph. aureus. 
In the absence of growth, penicillin had no effect on the electrophoretic 
mobility of washed cells, but if organisms were grown in the presence of 
penicillin there was a progressive decrease in the cell charge. Washing did 
not alter the effect. Streptomycin caused an immediate change in electro- 
phoretic mobility but this could be reversed by washing the cells. 

The agglutination of bacterial suspensions by streptomycin has been 
observed by both Welsch (253) and McQuillen. This effect may be related 
to the size and basicity of the streptomycin molecule since Burger & Stah- 
mann (254) have shown that synthetic lysine polypeptides, in low concen- 
tration, agglutinated bacteria and viruses (cf. 255). 

Screening tests—Rees & Robson (256) and Adair, Drobeck & Bunn 


2 Methods for routine assay of antibiotics have not been covered in this review. 
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(257) suggest that ocular tuberculosis in the rabbit may be used in the 
screening of antituberculous agents. . 

Antibiotics in plant pathology.—The use of antibiotics in the control of 
plant diseases has not been extensively examined, but encouraging results 
have been obtained. The subject has been reviewed by Grossbard (258) 
and by Horsfall & Dimond (259). Brian e¢ al. (260) have shown that griseo- 
fulvin from Penicillium nigricans is taken up by the roots of lettuce and 
tomato seedlings and gives protection against Botrytis cinerea in lettuce and 
against Altemaria solani in tomatoes. 

Antibiotics as dietary supplements——For some time now it has been 
known that remarkable increases in growth rates of pigs and poultry might 
be achieved by the addition of antibiotics to the food. The realization that 
such a procedure can be economically profitable has led to a quickening of 
interest, and during the past year a considerable effort has been made to 
elucidate the mechanism by which this increased growth rate is achieved. 
There is no doubt that drugs added to the diet can cause a profound change 
in the nature of the intestinal flora, and indeed sulphonamides were used for 
this purpose about 10 years ago. Williams et al. (261), using aureomycin, 
and Sieburth et al. (262), using penicillin or terramycin, both noted a con- 
siderable decrease in the numbers of clostridia in the intestine during ad- 
ministration of antibiotic and considered the possibility that, in normal ani- 
mals, absorption of bacterial toxins from the intestine may slow the growth 
rate; the oral or cloacal administration of toxins to chicks receiving aureomy- 
cin did not, however, slow the growth rate (261). It is undoubtedly true, as 
pointed out by Cunha et al. (263), that the growth-promoting effect varies 
both with the nature of the diet and the species of animal, and Bell et al. 
(264) have shown that the addition of aureomycin to the diet of steers, 
animals dependent on cellulytic organisms for effective digestion, causes 
serious derangement of the digestive system. Several authors have inter- 
preted the effect of antibiotics as due to a vitamin B,2.sparing action (265, 266, 
267), but on the whole it seems more likely that no single vitamin is involved 
but rather that, according to the diet, any one or all of the B vitamins may 
be involved (268 to 271). 

One point which has been largely ignored in feeding antibiotics is the 
possibility that by indiscriminate use of these valuable drugs we may be 
hastening the day when they will be of no further use because of the emer- 
gence of resistant bacteria. In this connection there is much to be said for 
selecting therapeutically unsatisfactory antibiotics as dietary supplements. 
Inskeep, Bennet, Dudley & Shepard (272) report the large scale commercial 
production of bacitracin, a drug of limited therapeutic value which appears 
to give excellent results as a dietary supplement. 
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BIOCHEMICAL ADAPTATIONS 


One of the domains in the relations of animals to their environments of 
interest to biochemists is the field of the digestion of special kinds of foods. 
A natural tendency leads to the postulate that in these cases the production 
of special enzymes, such as cerase, keratinase, or chitinase, is necessary for 
the hydrolysis of such eccentric foods as wax, wool, or the integument of 
spiders or insects. With regard to cellulose digestion, the role of symbiotic 
bacteria in ruminants has become the subject of extensive studies which 
were reviewed here by Marston (1) in 1939 and by Elsden & Phillippson (2) 
in 1948. Other cases of cellulose digestion by symbiotic bacteria have been 
described in termites, in the roach Cryptocercus punctulatus [Trager (3)] and 
in the roman snail Helix pomatia [Florkin & Lozet (4)]. It appears now that 
it is better not to accept the existence of a cellulase secretion by an animal it- 
self until we have complete evidence that the enzyme, even found in the 
organs in communication with the cavity of the digestive tract, has not been 
produced in that cavity by symbiotic bacteria and secondarily introduced 
in surrounding tissues. Chitinolytic microorganisms have been described for 
some time and they are known to thrive in soils and natural waters. Chiti- 
nolytic microorganisms have also been isolated from the intestinal content 
of several vertebrates and invertebrates by Zobell & Rittenberg (5) and by 
Hock (6), but these data have never been correlated with aspects of animal 
adaptation. Karrer & Hofmann (7) and Karrer & von Francois (8) have 
shown the presence of chitinase in the intestinal fluid of the snail. Although 
without proof it is generally considered that this enzyme is secreted by the 
midgut gland. In order to determine if this is the origin of the enzyme, 
Jeuniaux (9) has looked for chitinolytic bacteria in the digestive tract of the 
snail and has isolated 11 different strains. This flora, composed mainly of 
eubacteria, is different from the flora of chitinolytic bacteria found in soils 
and on plants, which is mainly composed of actinomycetes, myxobacteria, 
and filamentous microscopical mushrooms. Jeuniaux (10) has also shown that 
a chitinase is present in the filtrates of cultures of bacteria isolated from the 
intestinal contents. Jeuniaux (11), who has devised a method for chitinase 
determinations, has found no evidence of the presence of chitinase in the tis- 
sues of the animal (12). Tracey (13) has detected cellulasic and chitinolytic 
activities in the intestinal tract of earthworms. That the larvae of the cloth 
moth Tineola do not possess any special adaptive enzyme, the existence of 
which had been postulated under the name keratinase, was demonstrated 


1 The survey of the literature pertaining to this review was concluded in Decem- 
ber, 1951. 
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in 1936 by Duspiva (14), who found proteinases like those of other animals 
in their intestines. This notion is confirmed by Powing, Day & Irzykiewicz 
(15) who found that the proteinase of Tineola is not different from that of 
other insects and resembles trypsin more closely than papain. The low oxi- 
dation-reduction potential, which was demonstrated in the midgut of Tineola 
larvae by Linderstrgm-Lang & Duspiva (16), has been located by Day (17, 
18) in a definite region of the midgut. According to Day, his experimental 
data suggest that a dehydrogenase is concerned in the maintenance of the 
reducing conditions in the gut. The possible action of microorganisms in re- 
ducing —S—S— bridges, thus making the modified keratin available to the 
hydrolytic action of the ordinary proteinases, still remains a problem open 
to investigation. 

The digestion of wax by certain tineids such as Galleria is generally con- 
sidered as an adaptation governed by the acquisition of a new enzyme, the 
so-called cerase. Muftic (19) reported in 1946 the isolation, from the intesti- 
nal content of several species of Galleria, of bacteria producing cerase in 
vitro, i.e., clarifying, around their colonies, a medium to which wax was 
added. Florkin, Lozet & Sarlet (20) have isolated from the intestinal con- 
tent of Galleria mellonella a bacterium operating the same kind of clarifying 
action, but they have studied the chemical effects produced by it and shown 
that it consumes the free fatty acids and esters of the wax, a change which is 
also found in the residue of the wax after it has gone through the intestine 
of Galleria. It must thus be kept in mind that a clarification is not neces- 
sarily the proof of the presence of a hydrolase. Wax-clarifying bacteria have 
been isolated from a number of insects’ digestive tracts by Kamal & Muftic 
(21). All the facts which have just been reported throw a great deal of doubt 
on the notion of digestive adaptation considered as a production of adaptive 
hydrolases by the animal. A new biochemical aspect of digestive adaptation 
by symbiosis with microorganisms has been pointed out by Florkin & Lozet 
(4), who have observed that one of the cellulolytic bacteria isolated from 
the snail’s digestive contents, a gram negative diplococcus, thrives only in 
the presence of substances contained in the hepatopancreatic secretion of 
the snail. Similarly, Jeuniaux (11) has shown that the intestinal juice of the 
snail acts as a powerful growth factor for the chitinolytic bacteria of snail’s 
gut. 

The fact that the so-called enzymatic adaptations in animals appears, 
at least in some cases, to be replaced by the presence of biochemical factors 
controlling symbiosis (a confirmation of the definition which described sym- 
bionts as being mutually dependent) brings us naturally to the field of para- 
sitism, where the parasite depends entirely upon its host, a situation con- 
noting a whole array of biochemical adaptations. 

Baer (22) has devoted a whole section of his excellent book on the ecology 
of animal parasites to a critical review of their physiological chemistry. It 
now appears that parasitic helminths are not ipso facto obligate anaerobic 
organisms, but that they are able to adjust themselves to very low oxygen 
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tensions. If they are dependent upon the host’s gut contents for their nour- 
ishment, and if glycogen is their essential source of energy, it appears that 
they are not able to use preformed glycogen as food but must synthesize it 
from hexoses. It also appears that their carbohydrate metabolism is linked 
with their protein metabolism. No true fat metabolism has so far been ob- 
served, and it has even been suggested that, in these animals, fat is only a 
waste product, eliminated in the form of fatty acids. Their resistance to di- 
gestion appears to result from the mucopolysaccharid nature of their cuti- 
cula. Since the preparation of Baer’s very useful review, several new contri- 
butions to the question have appeared and among them some data on differ- 
ent species of Ascaris. One of the interesting points of the analytical data 
on the composition of Ascaris lumbricoides collected with modern methods 
by Cavier & Savel (23, 24) is the concentration of potassium (248 mg. per 100 
cc.) in the coelomic fluid. This was found almost as high as the concentra- 
tion of sodium (281 mg. per 100 cc.). Bueding & Charms (25) have been un- 
able to detect the cytochrome-cytochrome oxidase system in Ascaris. Since 
Weinland’s work, it is classically admitted that the major product of fer- 
mentation in Ascaris is not lactic acid, but valeric acid. On the other hand, 
aqueous extracts of acetone powder of Ascaris, in the presence of ATP, pro- 
duce lactate and no volatile acids. Thinking of a possible production of 
valeric acid in the whole animal by bacteria harbored in its body, Epps, 
Weiner & Bueding (26) and Bueding & Yale (27) have used Ascaris steri- 
lized by treatment with antibiotics. They have confirmed that this organism 
excretes considerable amounts of volatile acids, 20 per cent of which was 
represented by n-valeric acid, and 15 to 18 per cent by methylacetic acid and 
isovaleric acid. No formic acid was produced. 

Some interesting studies have also been published on filariae. Bueding 
(28) pointed out in 1949 that in Lithomosoides carinii, a filaroid nematode 
from the pleural cavity of the cotton rat and a parasite with an extremely 
high rate of aerobic and anaerobic glucose metabolism, 20 per cent of the 
carbohydrate used aerobically cannot be accounted for by the production of 
lactic acid and acetic acid, by polysaccharid synthesis, or by complete oxida- 
tion. Berl & Bueding (29) have now discovered the formation of acetyl- 
methylcarbinol or acetoin, which is utilized by the animal. The addition of 
acetaldehyde produces an increase of acetoin production, which is markedly 
stimulated in filarial homogenates by cocarboxylase and manganese. This 
investigation also affords the demonstration of a metabolic function of thia- 
mine in the group considered. The cytochrome system is not involved in the 
respiration of Litomosoides carinii [Bueding & Charms (25)]. Although the 
oxygen uptake is completely inhibited by cyanide (2X10 M), this or- 
ganism contains no cytochrome-c nor cytochrome oxidase. 

The parasitic trematode Schistosoma mansoni, the free swimming cer- 
cariae of which directly penetrate the skin of aquatic birds and mammals, 
also shows a complete inhibition of oxygen uptake after the action of cyanide 
2x10-! M [Bueding & Charms (25)]. It has some cytochrome and cyto- 
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chrome-oxidase, but the activity of this system accounts for not more than 
10 per cent of the over-all oxygen consumption. 

In the new contributions of Levenbook (30, 31) to the biochemistry of 
the larvae of the horse botfly Gastrophilus intestinalis, there is described an 
interesting case of tissue adaptation to the high carbon dioxide tensions 
characteristic of its life conditions. In the absence of carbon dioxide, the 
respiration of the larvae progressively decreases until death results. There is, 
in these conditions, an impairment of cell permeability with leakage of 
hemoglobin from the tracheal cells into the blood. The tissue adaptation re- 
vealed in this observation no longer obtains in the free living pupa. The series 
of new data on the physiological chemistry of parasitic life as reported above 
show the interest of the study of this aspect of biochemical adaptation, 
which had previously been sadly neglected by biochemists. 

The importance of the wax layer of insect cuticle in water conservation, 
which is one of the aspects of their adaptation to terrestrial life, has been 
emphasized by Wigglesworth (32) and by Beament (33, 34). The latter au- 
thor (35) has studied the mechanism of wax secretion. From his observations, 
it seems that in the cockroach the grease is secreted in a solvent which evap- 
orates slowly, the grease and perhaps the solvent being secreted continu- 
ously to replace loss. In other insects, the grease appears to be secreted in a 
more volatile solvent, which evaporates rapidly after secretion. The question 
of water permeability of the insect cuticle has been reviewed by Richards 
(36) in a book on the integument of arthropods. Edney (37) has shown that 
the integument of terrestrial crustacea is permeable to water, a characteristic 
which limits their distribution. He has pointed out the necessity of consider- 
ing microclimatic conditions in the study of their repartition. 

In the light of our present knowledge, the adaptation of fresh water in- 
vertebrates to their diluted aquatic environment appears as a group of regu- 
lation phenomena. The maintenance of an internal medium hypertonic to 
the external medium is due to the equilibrium of water entrance and water 
elimination, together with retention of salts operated by the excretory organs 
and salt absorption by certain regions of the body surface. As shown by Schof- 
feniels (38), Anodonta, the pond mussel, has in the epithelium of the foot’s 
edge a mechanism of calcium absorption against the concentration gradient. 
The absorbed calcium is found in the diffusible fraction of plasma calcium 
[Schoffeniels (39)] and is, in that form, exchanged with tissue calcium 
[Schoffeniels (40)]. The concentration of calcium in the plasma results from 
the equilibrium of the sum of factors diminishing this concentration—and 
the sum of factors increasing the concentration. The former are: diffusion 
through the edges of foot and mantle from internal medium towards external 
medium [Schoffeniels (41)], exchanges with tissues, dilution by osmotic 
penetration of water, and losses by excretion. The factors increasing con- 
centration are absorption of calcium by the foot’s edge, and excretion of an 
urine poor in calcium. By the use of P*, Hasset & Jenkins (42) have demon- 
strated the entrance of phosphorus in larvae of Aedes aegypti through gut 
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and anal gills. That the gills of Anodonta absorb phosphorus from a very di- 
luted medium has been shown by Schoffeniels (43). This mechanism is 
blocked by cyanide, fluoride, and monobromacetate. The role played by the 
malpighian tubules of Limnophilus in ionic regulation was demonstrated by 
Boné & Koch (44) in 1942. From the observations of Ramsay (45) it appears 
that when the external medium is poor in salts the malpighian tubules of 
mosquito larvae can contribute to salt retention by excreting a fluid con- 
taining less sodium than the haemolymph, but they do not appear to be able 
to excrete a fluid containing more sodium. There are several degrees of suc- 
cess in the regulation of the internal medium of fresh water invertebrates 
and, in certain forms, the result is rather poor. In spite of the fact that ratios 
of cell potassium and magnesium to blood potassium and magnesium are 
much higher when the blood is more diluted, the cell concentrations of these 
two cations can be very feeble compared to that obtained in marine inverte- 
brates [Florkin & Duchateau (46)]. Another aspect of tissue adaptation has 
been pointed out by Camien et al. (47) who have determined the concentra- 
tions of 15 amino acids, free or in nonprotein form by microbiological 
methods, in muscles of the marine crustacean Homarus vulgaris and the 
fresh water crustacean Astacus fluviatilis. Proline, glycine, and arginine are 
present in the highest concentrations in both species, but while these con- 
centrations are respectively 1.2, 1.6 and 1.2 per cent in fibre water of lobster 
muscle, they were only 0.2, 0.3 and 0.1 per cent in fibre water of the muscle 
of the fresh water form. Besides being a new aspect of tissue adaptation, 
this observation points to a possible general relation between the concentra- 
tion of mineral basic cell constituents and the concentration of nonprotein 
amino acids in cells. 

The physiological differences with respect to the effects of posterior pi- 
tuitary extracts in anuria has been correlated with different degrees of adap- 
tation to terrestrial life [Ewer (48, 49); Sawyer (50)]. From the experiments 
published, it can be concluded that pitressin is the main hormone responsible 
for an increase of water exchange. The species of the genus Bufo are particu- 
larly sensitive to pitressin, a characteristic which appears as more recently 
acquired and correlated with the higher degree of terrestrial adaptation 
shown by toads as compared to frogs, which are much less sensitive. This 
characteristic affords to toads a possibility of rapid utilization of the tempo- 
rary sources of water afforded by rain and dew. 

One of the biochemical aspects of the adaptation of frogs to life in fresh 
water is the role played by the skin in sodium absorption. The proof that 
this is a phenomenon of active transport has been presented only recently. 
It is admitted that an ion is actively transported when it moves through a 
membrane from a low electrochemical potential toward a high electro- 
chemical potential, the work being done through energy supplied by metab- 
olism. To block the transport of an ion by the action of an inhibitor of 
metabolism does not afford the proof that the ion is actively transported. In 
the case of frog skin, it has been shown [Ussing (51)] that, though moving 
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against a concentration gradient, chloride ions are passively transported be- 
cause of the potential difference resulting from the transport of sodium. The 
demonstration of the fact that concentrations on both sides of a living mem- 
brane are the result of an active transport has only been afforded in the case 
of sodium for the muscle and the skin of the frog [Ussing & Zerahn (52)] and 
in the case of chloride for the gastric mucosa [Hogben (53)]. 

Several agents modify the active transport of sodium by frog skin. The 
presence of potassium is important [Huf & Wills (54)]. If insipidin increases 
the sodium influx [Fuhrman & Ussing (55)], it does so only through its action 
on the resistance to the movement of sodium ions opposed by epithelial con- 
junctive tissues [Ussing & Zerahn (52)]. 


BIOCHEMICAL ASPECTS OF TAXONOMY 


Baldwin (56) and Florkin (57) have underlined the notion of unity of 
biochemical design in the animal organization. As the latter writes, this 
unity “far from contradicting the concept of evolution, is a necessary con- 
dition and a decisive argument for it.’’ To the series of known aspects of this 
commen ground plan, we may add the observations of Wanatabe & Williams 
(58) on the chemical similarities of the mitochondria (sarcosomes) of insect 
muscles and of the liver mitochondria of rats, guinea pigs, and rabbits. 
Ferguson (59) has also described the remarkable constancy of riboflavin con- 
centration when corresponding tissues are compared in frog, rat, and man. 

Biochemical evolution has, on the other hand, been disclosed in new 
chapters of biochemistry. Mirsky & Ris (60), studying the desoxyribonu- 
cleic .content of sperm cells of invertebrates, have shown that the lowest 
values are obtained among the most primitive animals. Contrariwise, in the 
blood cells of vertebrates the highest values are found in the most primitive 
orders. 

Reviewing the work done on molluscan shells pigmentation, Comfort (61) 
concludes that the porphyrins and atypical pyrroles of the primitive marine 
forms have given place first to bile pigments and later, in phylogeny, to 
chromoproteins of increasing complexity bound to conchiolin of the shell by 
a process of tanning. Concerning chemical taxonomy, Florkin (62) has in- 
sisted on the methodological principle which requires starting from the taxo- 
nomic system established by zoologists, a notion which may seem rather ob- 
vious but which is apparently seldom understood, as noticed again by Baer 
(22) in his book on the ecology of parasites. One of the first domains which 
has been studied in biochemical taxonomy is the distribution of muscle phos- 
phagens. The present situation can be briefly stated by saying that in echino- 
derms, arginine-phosphate may be present alone or may coexist with crea- 
tine-phosphate, which may also be present alone. In certain annelid worms, 
there is another kind of phosphagen, provisionally called annelid phospha- 
gen, which may exist alone but may also be present along with another phos- 
phagen which has certain characteristics of creatine-phosphate. 

The other groups of invertebrates have arginine-phosphate. In hemi- 
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chordates the phosphagen is a mixture of arginine-phosphate and creatine- 
phosphate; in cephalochordates and vertebrates, creatine-phosphate is alone. 
Van Thoai & Robin (63), from a study of enzymic extracts of two inverte- 
brates with creatine (Ophiothrix fragilis and Paracentrotus lividus) and two 
invertebrates without creatine (Pecten maximus and Palinurus vulgaris), 
reach the conclusion that the extracts of the two echinoderms catalyze the 
methylation of guanidine acetic acid, while the extracts of Pecten and Pali- 
nurus do not. In the mollusk Pecten this is the consequence of a lack of 
methylating enzyme, while in the crustacean Palinurus this enzyme is pres- 
ent, but the precursor of creatine, guanidine acetic acid, is lacking. 

Among the biochemical characters of higher categories of animal tax- 
onomy, those of fishes have recently attracted attention. Baldwin (64) 
states that the vertebrate character of the fishes is chemically demonstrated 
in at least two ways: the presence of creatine-phosphate and the presence of 
the two dipeptides carnosine and anserine. Hamoir (65), in a general review 
on fish proteins, calls attention to the fact that carp myogens are much 
more related to frog myogens than to mammalian myogens. Comparing ni- 
trogenous extractives of fishes with those of a crustacean, the lobster, 
Shewan (66) shows that in the fish some 73 to 95 per cent of the nonprotein 
nitrogen can be accounted for, but only about 30 per cent in the lobster, a 
fact which has become clear since the observations of Camien et al. (47) on 
the high concentration of nonprotein amino acids in lobster muscle. 

In spite of the greater complexity of depot fat in fishes than in many 
land animals, Lovern (67) concludes that the enzyme systems involved pre- 
sents no unusual characteristics. In an extensive review of hormones in 
fishes, Hoar (68) emphasizes the notion that changes in activity of the endo- 
crine glands may sensitize the organism so as to modify or completely 
change its response to environmental stimuli and make it able to enter eco- 
logical fields which were previously lethal. 

Lynn & Wachowski (69), reviewing the lack of effect of thyroid extracts 
on oxygen metabolism of cold-blooded vertebrates, calls attention to a pos- 
sible species specificity in fishes. In cold-blooded vertebrates generally, the 
best-known function of the thyroid hormone is the control of amphibian 
metamorphosis, but such an effect is lacking in cyclostomes and in the fishes 
in which a metamorphic process occurs. As is usually the case among aqua- 
tic animals, fishes accumulate xanthophylls rather than carotenes and, as 
demonstrated in the table compiled by Goodwin (70), xanthophyll distribu- 
tion is unique in the fishes in that only three pigments (lutein, a pigment 
which is probably taraxanthin, and astaxanthin) have been identified. From 
Goodwin's table it appears that fishes can be divided into two categories, ac- 
cording to whether they accumulate lutein or taraxanthin. This has no rela- 
tion to marine or fresh-water habitat. From a collection of data concerning 
bile salts in fishes, Haslewood (71) concludes that the characteristic bile salt 
of elasmobranchii is probably scymnol sulphate or some closely related sub- 
stance, and that these fishes are unable to synthetize C.-bile acids. Frogs 








466 FLORKIN 


and toads follow a similar pattern and, Haslewood & Wootton (72) have al- 
ready suggested that the presence of C27 alcohols conjugated with sulfate, 
as well as the presence of C27 acids, can be considered as characteristics of a 
primitive type. On the other hand, teleosts generally have cholic acid or one 
of its near Cy relatives, which can be considered as a modern characteristic. 
In four cases among Japanese teleosts, a tetrahydroxyacid is said to be pres- 
ent. Haslewood (71) calls attention to the possible taxonomic significance of 
this finding and recalls the fact that certain groups of closely related species 
have unique bile acids. For instance, the bile of Pinnipedia (seals and wal- 
ruses), among mammals, contains phocaecholic acid, and the bile of Boidae 
(boas and pythons), among reptiles, contains pythocholic acid. 

It has been shown by a number of observations that the biochemical 
characteristics of cyclostomes, which are the most primitive living verte- 
brates, present a mixture of vertebrate and invertebrate traits. Their hemo- 
globin has unique properties, differing from those of the hemoglobins of verte- 
brates. Keilin & Hartree (73) have produced very good arguments in favor 
of discontinuing the habit of calling erythrocruorins the hemoglobins of in- 
vertebrates and reserving the name of hemoglobin for the oxygen carriers of 
vertebrates. This is most logical and avoids confusion in classifying active 
protein compounds according to their biological activities. Oxygen carriers 
themselves must be classified according to the nature of their prosthetic 
groups and the name of hemoglobin covers all protohemeprotein oxygen car- 
riers. Considered from the point of view of molecular weight, the hemoglo- 
bins of vertebrates, except cyclostomes, are in a region between 68000 and 
290000, a range which appears as a characteristic of their subphylum. In 
contrast to vertebrate blood hemoglobin, the hemoglobins of the blood of 
cyclostomes are known as having a more acid isoelectric point, a different 
acid composition, and a lower molecular weight, the value of which is about 
17000 in sea and fresh-water lampreys [Pedersen (74); Roche & Fontaine 
(75)]. Theoretically, this molecular weight commands a hyperbolic oxygen 
dissociation curve, a fact which is confirmed by Wald & Riggs (76). The 
hemoglobin of the sea lamprey, though having the same molecular weight 
as vertebrate muscle hemoglobin, is quite different in its properties. To use 
the words of Wald & Riggs, these properties 


furnish a renewed demonstration on the molecular level, of the peculiar mixture of 
archaic traits and special adaptations that characterize the cyclostomes. 


Among the biochemical characteristics of the higher categories of animal 
classification, the uricotelic nitrogen metabolism of birds has been the sub- 
ject of extensive studies for many years. The well-known Clementi’s law 
states that arginase is not present in the livers of uricotelic vertebrates. Ac- 
cording to this law, arginase cannot be found in bird's liver. This notion has 
been opposed by several authors and has remained of controversial nature. 
Edlbacher & Bonem (77) have, for instance, agreed on the absence of argi- 
nase in the liver of the hen but have maintained that there is some arginase 
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in the liver of the rooster. Ricceri (78) has studied the matter again and has 
shown that a diminution of arginine (5 to 20 per cent) obtains, in fact, in the 
perfused rooster’s liver, but he has not noticed any corresponding increase 
of urea. His findings are greatly in favor of Clementi’s law, which would be 
even more strengthened if the fate was known of the arginine which disap- 
pears. The theory proposed by Wiener, according to which the synthesis of 
uric acid in bird’s liver was accomplished through the intermediate step of 
urea, has been considered for some time as classical. Clementi and his school 
have brought a number of facts against this theory. In new experiments, 
Clementi (79) has shown that the quantity of urea excreted by the hen de- 
pends on the amount of arginine in the diet. Urea is thus clearly not a result 
of a synthesis but of a hydrolysis by arginase which, if not present in the 
liver, exists in the other organs, as, for instance, the kidney. It has also been 
believed that pigeon’s liver is unable to operate an uricosynthesis but only 
accomplishes a puricosynthesis, the product of which is hypoxanthine, later 
transformed into uric acid by the kidney. New experiments by Clementi & 
Ricceri (80), who have worked under better experimental conditions, show 
that this conception must be discontinued, and that pigeon’s liver, as well as 
hen’s liver, is able to synthetize uric acid from ammonia. Another important 
fact pointed out by Clementi & Ricceri is that xanthine and hypoxanthine 
are not intermediate products in uric acid synthesis by bird’s liver. This im- 
portant result, coming from the laboratory of the best expert in birds’ nitro- 
gen metabolism, will change the perspective in which the possible existence 
of a common pathway or uric acid and nucleic acid purines in birds is to be 
considered. The concept of a common pathway is mainly based on work with 
labeled nitrogen. From experiments performed with C“-formate, Greenberg 
(81) concludes that the purine ring is, in the de novo synthesis of hypoxan- 
thine, completed after the introduction of a ribose and phosphate residue. 
Thus, in this system, inosine-5-phosphoric acid is formed prior to free purine 
and is converted through inosine to hypoxanthine. From other experiments 
with C-formate, Marsh (82) concludes that formate (or formaldehyde) 
under widely varying conditions, is incorporated almost equally into car- 
bons 2 and 8 of uric acid, hypoxanthine and inosinic acid, and adenine and 
guanine of the nucleic acids. The same author points out that neither his 
experiments with C“-formate nor the experiments performed by Barnes & 
Schoenheimer (83) with N“ ammonium citrate demonstrate a common path- 
way or preclude individual routes of synthesis for the different purines. 
Like fishes, birds accumulate xanthophylls preferably to carotenes, as 
mammals do. Volker (84) has identified lutein in the feathers of Oriolus aura- 
tus and astaxanthin in those of several species of Laniarius. Turacin, the 
copper protein compound of birds’ feathers, has been studied by Nicholas & 
Rimington (85), who found that the main constituent is uroporphyrin III. 
Another aspect of birds’ biochemistry, the calcified egg shell, has been the 
subject of radiographic studies by Bradfield (86), who has found that the 
rate of deposition of mineral matter in the shell follows an s-shaped curve 
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with a marked acceleration 5 to 6 hr. after its onset. The innermost layer 
which is secreted first consists of a single thickness of small spheroidal par- 
ticles of calcite and differs from the spongy layer which forms the main bulk 
of the shell. 

The secretion of a calcarous shell by the mantle is one of the biochemical 
characteristics of the phylum Mollusca. A study of the organic matrix of 
mother-of-pearl, performed with the electron microscope by Grégoire, 
DuchAateau & Florkin (87, 88, 89, 90), has revealed the existence of a lacelike 
structure in the composing leaflets, separated by the action of ultrasonic 
waves, after decalcification. The structure differs according to the class 
studied. In gastropods, the holes in the lace structure are round-shaped, of 
variable diameter, rather regularly distributed, and separated by regions of 
very homogeneous substance of regular width. 

In the Lamellibrachia, when they have mother-of-pearl (which is not 
always the case), the leaflets of the protein matrix are made of very dense 
material. The holes are very small, irregularly distributed, and separated by 
zones of very irregular width. In the cephalopod Nautilus, on the other 
hand, the meshes of the lace are elongated, the threads of the net are rela- 
tively thin, of variable width, and present irregular densities. The interest 
of the comparison lies in the fact that it deals with a borderline of chemical 
and morphological structures and that, nevertheless, it affords data of taxo- 
nomic value. It is not excluded that the very peculiar structure of the organic 
matric of mother-of-pearl, made of the successive application of very thin 
leaves of lacelike organic material, may have an influence on the mineralogic 
form of the inorganic material deposited. Stolkowski (91) believes that the 
enzyme anhydrase, the presence of which in the mantle has been demon- 
strated by Florkin & De Marchin (92) and by Freeman & Wilbur (93) plays 
a part in the formation of aragonite. As many zoologists still do, he postu- 
lates the existence, between shell and mantle, of an ‘“‘extrapalleal fluid,” a 
notion which with regard to normal animals, must at least be qualified as 
dubious. Concerning the mineral constituents of molluscan shells, Odum (94) 
has observed that snails (Physa sp.) raised in solutions of various Sr con- 
centrations can contain more than half strontianite. X-ray diffraction studies 
reveal the presence of small crystals of aragonite and strontianite and not of 
an amorphous intermediate of a substitution series. 

On one of the biochemical characters of the phylum of arthropods, the 
composition of the chitin-containing cuticle, the book of Richards (36) 
brings a wealth of information. Among the biochemical characteristics of 
one of the classes of the phylum Arthropoda, the Hexapoda or insects, 
Florkin (57) has proposed the inclusion of the high concentration of amino 
acids and the high magnesium index. That these characteristics obtain in the 
larva of the Japanese beetle Popillia japonica, is confirmed by Ludwig (95). 
Qualitative studies on the amino acids of the blood of silkworms have been 
performed by Drilhon & Busnel (96). Quantitative determinations of 15 
amino acids in the blood of two Coleoptera, Hydrophilus piceus and Leptino- 
tarsa decemlineata, made by microbiological methods by Sarlet et al. (97), 
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have shown that in both insects proline and glutamic acid are the most im- 
portant amino acids present in nonprotein form in the plasma. 

A new conception of blood coagulation in insects results from a study by 
Grégoire & Florkin (98, 99, 100). These authors, with the help of phase con- 
trast microscopy, have demonstrated in the house cricket, Gryllulus domesti- 
cus, and in the stick insect, Carausius morosus, the presence in the haemo- 
lymph, of a category of hyaline hemocytes, the coagulocytes, which undergo 
alterations in their structure. These are rapidly followed by the development 
of granular clouds or coagulation islands in the plasma surrounding the 
hemocytes. This is in opposition to the common views which group all hemo- 
cytes together as undergoing common alterations. Grégoire (101, 102) has 
further studied hemolymph coagulation in 61 species of insects and shown 
that the hyaline hemocytes are present in all species, but only undergo al- 
terations in the bloods showing local or general clotting. The type of coagula- 
tion characterized by the formation of granular clouds around the coagulo- 
cytes, and described by Grégoire & Florkin is found in all Orthoptera and, 
in a number of species, the extension of the process brings about general 
clotting. 

This type of coagulation is also found in Dermaptera such as Forficula 
auricularia. A second kind of alteration of the coagulocytes consists of the 
extrusion of threadlike pseudopodial meshworks. These alterations are fol- 
lowed by the formation, in the plasma circumscribed by the pseudopodial 
systems, of thin, transparent, slowly developing veils. This kind of alteration 
has been observed by Grégoire in Odonata and Lepidoptera. It is also found 
in certain species of Coleoptera. Grégoire has also observed that in the pres- 
ence of anticoagulants such as potassium oxalate or cocaine hydrochloride, 
alterations in the hyaline hemocytes and the subsequent plasma reactions 
fail to occur. Blood coagulation in insects thus appears as a continuous proc- 
ess, initiated by alterations taking place in a single category of hemocytes, 
which are followed by different degrees of plasma coagulation, varying from 
a limited reaction, or from no reaction, to a general clotting visible macro- 
scopically. In contrast to the coagulocytes, the other categories of blood 
cells do not take part in the process, but are passively embedded in the co- 
agulum or gathered along the pseudopodial expansions woven by the coagu- 
locytes. The classical distinction between a cellular agglutination and a 
plasma coagulation has to be abandoned. 

The taxonomic study so far accomplished by Grégoire shows that Or- 
thoptera are very homogeneous with respect to their type of plasma coagula- 
tion, which is the granular cloud type, the veil type appearing as typical of 
such orders as Odonata and Lepidoptera. The low sodium index in the blood 
of the latter, proposed by Florkin, Duchateau & Leclercq (103) as one of 
their biochemical characters, as well as of the other groups of insects indi- 
vidualized in parallelism with the development of higher plants, has been 
confirmed by Ludwig (95) for Popillia japonica. Applying the method used 
for pterin detection by Ford (108) in his brilliant work on Lepidoptera, 
Leclercq (104) concluded that the study of the distribution of light (white 
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and yellow) pterins in the tegument of Hymenoptera also affords valuable 
taxonomic characters. 

The characteristics of the wax of the four species of the genus Ceroplastes 
have been shown to be similar by Hackman (105). They contain, besides 
esters of Cog and Cs acids and alcohols, significant amounts of free forms of 
these acids and alcohols. Species differences exist in the chemical mechanisms 
of bioluminescence in insects. 

It is generally believed that, in cell-free extracts of luminous organs, the 
light disappears upon the exhaustion of labile phosphate groups. That this 
is not always the case has been shown by McElroy & Harvey (106). In most 
lampyrids and the elaterid Pyrophosphorous, ATP disappears first, while in 
Photinus melanotis, Diphotus montanus and some glow worms, the luciferin 
disappears first. 

As has long been known, the organic constituents of the horny skeleton 
of Anthozoa and of sponges contains iodine. It is now customary to call gor- 
gonins the proteins of the horny skeleton of octocorallians, and antipathines 
those of hexacorallians, the name of spongines being reserved for the pro- 
teins of the skeletons of sponges. From a long and important series of re- 
searches from his laboratory, particularly on iodized amino acids, Roche 
(107) comes to the conclusion that the type of protein composition of gor- 
gonins is quite different from those of antipathines and spongines. Further- 
more, it appears that among the animals whose horny skeleton is made of 
gorgonines, each genus shows characteristics of its own. This is a very 
promising field for biochemical taxonomy at the level of lower categories, 
such as family and genus. 


LITERATURE CITED 


. Marston, H. R., Ann. Rev. Biochem., 8, 557 (1939) 

. Elsden, S. R., and Phillippson, A. T., Ann. Rev. Biochem., 17, 705 (1948) 

. Trager, W., Biochem. J., 26, 1762 (1932) 

. Florkin, M., and Lozet, F., Arch. intern. physiol., 57, 201 (1949) 

. Zobell, C. E., and Rittenberg, S. C., J. Bact., 35, 275 (1938) 

. Hock, C. W., Biol. Bull., 79, 199 (1940) 

. Karrer, P., and Hofmann, C. A., Helv. Chim. Acta, 12, 616 (1929) 

. Karrer, P., and von Francois, G., Helv. Chim. Acta, 12, 986 (1929) 

. Jeuniaux, C., Arch. intern. physiol., 58, 350 (1950) 

10. Jeuniaux, C., Arch. intern. physiol., 58, 352 (1950) 

11. Jeuniaux, C., Arch. intern. physiol., 58, 354 (1950) 

12. Jeuniaux, C., Arch. intern. physiol., 59, 242 (1951) 

13. Tracey, M. V., Nature, 167, 776 (1951) 

14. Duspiva, F., Z. physiol. Chem., 241, 177 (1936) 

15. Powing, R. F., Day, M. F., and Irzykiewicz, H., Australian J. Sci. Research, 4, 
49 (1951) 

16. Linderstrgém-Lang, K., and Duspiva, F., Compt. rend. trav. lab. Carlsberg, 21, 53 
(1936) 

17. Day, M. F., Australian J. Sci. Research, 4, 42 (1951) 

18. Day, M. F., Australian J. Sci. Research, 4, 64 (1951) 

19. Muftic, M., Zbor. Lijec. Hrv. reg, 32, 496 (1946) 


COnItaunkrwWHe 





hr AD AD 


ts) ta ty) Cw 42) GC) Cr) AD AD AD AD AD AD AD 


& wt 2b at ar adr co Be 6,2) Cad Cad 


in tmtntnmnitntnitin & 


tin 


tn 


~~~ ~* FR FR FR foe 


es 
eS 
of 
ns 





COMPARATIVE BIOCHEMISTRY 471 


. Florkin, M., Lozet, F., and Sarlet, H., Arch. intern. physiol., 57, 71 (1949) 
. Kamal, M., and Muftic, M., Experientia, 7, 218 (1951) 
. Baer, J. G., Ecology of Animal Parasites (Univ. of Illinois Press, Urbana, Illinois, 


224 pp., 1951) 


. Cavier, R., and Savel, J., Bull. soc. chim. biol., 33, 455 (1951) 

. Cavier, R., and Savel, J., Bull. soc. chim. biol., 33, 447 (1951) 

. Bueding, E., and Charms, B., Nature, 167, 149 (1951) 

. Epps, W., Weiner, M., and Bueding, E., J. Infectious Diseases, 87, 149 (1951) 
. Bueding, E., and Yale, H. W., J. Biol. Chem., 193, 411 (1951) 

. Bueding, E., J. Exptl. Med., 89, 107 (1949) 

. Berl, S., and Bueding, E., J. Biol. Chem., 191, 401 (1951) 

. Levenbook, L., J. Exptl. Biol., 28, 173 (1951) 

. Levenbook, L., J. Exptl. Biol., 28, 181 (1951) 

. Wigglesworth, V. B., J. Exptl. Biol., 21, 97 (1945) 

. Beament, J. W. L., J. Expil. Biol., 21, 115 (1945) 

. Beament, J. W. L., Proc. Roy. Soc. (London), |B}133, 407 (1946) 

. Beament, J. W. L., Nature, 167, 652 (1951) 

. Richards, A. G., The Integument of Arthropods (Univ. of Minnesota Press, 


Minneapolis, Minn., 1951) 


. Edney, E. B., J. Exptl. Biol., 28, 91 (1951) 

. Schoffeniels, E., Arch. intern. physiol., 58, 467 (1951) 

. Schoffeniels, E., Arch. intern. physiol., 59, 139 (1951) 

. Schoffeniels, E., Arch. intern. physiol., 59, 137 (1951) 

. Schoffeniels, E., Arch. intern. physiol., 58, 469 (1951) 

. Hasset, C. C., and Jenkins, D. W., Physiol. Zodl., 24, 257 (1951) 

. Schoffeniels, E., Arch. intern. physiol., 59, 245 (1951) 

. Boné, G., and Koch, H. J., Ann. soc. roy. zodl. belg., 73, 73 (1942) 

. Ramsay, J. A., J. Exptl. Biol., 28, 62 (1951) 

. Florkin, M., and Duchateau, G., Compt. rend. soc. biol., 144, 1132 (1950) 
. Camien, M. N., DuchAteau, G., Florkin, M., and Sarlet, H., J. Physiol. (London), 


114, 53P (1951) 


. Ewer, R. F., J. Exptl. Biol., 28, 369 (1951) 

. Ewer, R. F., J. Exptl. Biol., 28, 374 (1951) 

. Sawyer, W. H., Am. J. Physiol., 164, 44 (1951) 

. Ussing, H. H., Z. Elektrochem., 55, 470 (1951) 

. Ussing, H. H., and Zerahn, K., Acta Physiol. Scand., 23, 110 (1951) 

. Hogben, C. A. M., Proc. Natl. Acad. Sci. U. S., 37, 393 (1951) 

. Huf, E. G., and Wills, J., Federation Proc., 10, 1 (1951) 

. Fuhrman, F. A., and Ussing, H. H., J. Cellular Comp. Physiol., 38, 109 (1951) 
. Baldwin, E., Perspectives in Biochemistry, 99 (Cambridge Univ. Press, London, 


England, 361 pp., 1937) 


. Florkin, M., Biochemical Evolution (Morgulis, S., Ed.-Trans., Academic Press, 


New York, N. Y., 157 pp., 1949) 


. Wanatabe, M. I., and Williams, C. M., J. Gen. Physiol., 34, 675 (1951) 
. Ferguson, M. B., Physiol. Zodl., 24, 41 (1951) 

. Mirsky, A. E., and Ris, H., J. Gen. Physiol., 34, 451 (1951) 

. Comfort, A., Biol. Revs. Cambridge Phil. Soc., 26, 285 (1951) 

. Florkin, M., 1st Intern. Congr. Biochem., Biochem. Soc., 19 (1950) 

. Van Thoai, N., and Robin, Y., Compt. rend., 232, 452 (1951) 

. Baldwin, E., Biochem. Soc. Symposia, No. 6, 3 (1951) 

. Hamoir, G., Biochem. Soc. Symposia, No. 6, 8 (1951) 








98. 
. Grégoire, C., and Florkin, M., Experientia, 6, 297 (1950) 
100. 
101. 
102. 
103. 


104. 
10S. 
106. 
107. 
108. 


FLORKIN 


. Shewan, J. N., Biochem. Soc. Symposia, No. 6, 28 (1951) 

. Lovern, J. A., Biochem. Soc. Symposia, No. 6, 49 (1951) 

. Hoar, W.S., Pubs. Ontario Fisheries Research Lab., 71, 1 (1951) 

. Lynn, G., and Wachowski, H. E., Quart. Rev. Biol., 26, 123 (1951) 

. Goodwin, T. W., Biochem. Soc. Symposia, No. 6, 63 (1951) 

. Haslewood, G. A. D., Biochem. Soc. Symposia, No. 6, 83 (1951) 

. Haslewood, G. A. D., and Wootton, V. M., Biochem. J., 47, 584 (1950) 

. Keilin, D., and Hartree, E. F., Nature, 168, 266 (1951) 

. Svedberg, T., and Pedersen, K. P., The Ultracentrifuge, 355 (The Clarendon 


Press, Oxford, England, 1940) 


. Roche, J., and Fontaine, M., Ann. inst. océanog., 20, 77 (1940) 

. Wald, G., and Riggs, A., J. Gen. Physiol., 35, 45 (1951) 

. Edlbacher, S., and Bonem, P., Z. physiol. Chem., 145, 69 (1925) 

. Ricceri, G., Arch. sci. biol., (Italy), 35, 167 (1951) 

. Clementi, A., Arch. sci. biol. (Italy), 35, 167 (1951) 

. Clementi, A., and Ricceri, G., Boll. soc. ital. biol. sper., 27, 868 (1951) 
. Greenberg, G. R., J. Biol. Chem., 190, 611 (1951) 

. Marsh, W. H., J. Biol. Chem., 190, 633 (1951) 

. Barnes, F. W., and Schoenheimer, R., J. Biol. Chem., 151, 123 (1943) 
. Volker, O., Z. physiol. Chem., 288, 20 (1951) 

. Nicholas, R. E. H., and Rimington, C., Biochem. J., 50, 194 (1951) 

. Bradfield, J. R. G., J. Exptl. Biol., 28, 125 (1951) 

. Grégoire, C., Duchateau, G., and Florkin, M., Arch. intern. physiol., 57, 121 


(1949) 


. Grégoire, C., DuchAteau, G., and Florkin, M., Arch. intern. physiol., 58, 117 


(1950) 


. Grégoire, C., Duchateau, G., and Florkin, M., Arch. intern. physiol., 58, 483 


(1951) 


. Grégoire, C., Duchateau, G., and Florkin, M., Arch. Intern. physiol., 59, 257 


(1951) 


. Stolkowski, J., Ann. inst. océanog., 26, 1 (1951) 

. Florkin, M., and De Marchin, P., Arch. intern. physiol., $1, 130 (1941) 

. Freeman, J. A., and Wilbur, K. M., Biol. Bull., 94, 55 (1948) 

. Odum, H. T., Science, 114, 211 (1951) 

. Ludwig, D., Physiol. Zoél., 24, 329 (1951) 

. Drilhon, A., and Busnel, R. G., Compt. rend., 232, 182 (1951) 

. Sarlet, H., Duchateau, G., Camien, M. N., and Florkin, M., Arch. intern. physiol., 


59, 473 (1951) 
Grégoire, C., and Florkin, M., Arch. intern. physiol., 57, 237 (1949) 


Grégoire, C., and Florkin, M., Physiol. Comparata et Oecol., 2, 126 (1950) 

Grégoire, C., J. Physiol. (London), 114, 43P (1951) 

Grégoire, C., Blood, 6, 1173 (1951) 

Florkin, M., Duchateau, G., and Leclercq, J., Arch. intern. physiol., 57, 209 
(1949) 

Leclercq, J., Bull. ann. soc. entomol. Belg., 87, 64 (1951) 

Hackman, R. H., Arch. Biochem. Biophys., 33, 150 (1951) 

McElroy, W., and Harvey, E. N., J. Cellular Comp. Physiol., 37, 83 (1951) 

Roche, J., Bull. inst. océanog., No. 999 (1951) 

Ford, E. B., Proc. Roy. Entomol. Soc. London, [A]22, 72 (1947) 





AS ~ 


a -— * = 45 FR 


—_— * * -«- TP 


~~ wa A hUKDlUlC Ml lUrhTOlC<C KH etl lc rl 


on 


(21 
117 
183 


257 


ol., 


209 


) 





CAROTENOIDS! 


By G. MACKINNEY 
Division of Food Technology, University of California, Berkeley, California 


“‘A period of descriptive and analytical examination of the carotenoids 
has now reached a culminating point with the complete synthesis of vitamin 
A and of representative carotenoid pigments.’’ Thus Endeavour introduces 
a definitive discussion by Heilbron & Cook (1) on carotenoids and vitamin 
A. Total synthesis of the common carotenes has been achieved, those of 
B-carotene (2) and lycopene (3) being of special interest. The synthesis of an 
artificial carotenoid free from the limitation of the normal Cy skeleton, yet 
retaining the cyclohexenyl rings and the isoprenic pattern, a decapreno-f- 
carotene (i.e., with 10 isoprene units), CssH¢g (4), gives emphasis to the re- 
mark that a culminating point has been reached, that it is indeed the end of 
a chapter (1). 

Two other remarks may be singled out for attention: “that the polyene 
system as it occurs in the carotenoids remains one of largely unknown po- 
tentialities,’’ and, secondly, that “attention will undoubtedly be increasingly 
directed to the role of these substances in the living cell.” It is proposed to 
elaborate upon these points in this review, with particular emphasis on the 
biosynthesis of carotenoids. 

Customary omissions include aspects considered in other chapters, on nu- 
trition, fat-soluble vitamins, and photosynthesis. Carotenoid metabolism in 
marine invertebrates and the nature of carotenoids found in deep sea muds 
have already been discussed by Fox (5). Because of a review on the biochem- 
istry of vision next year, the role of carotenoids in the visual purple cycle is 
also omitted.? 


GENERAL 


Nomenclature.—Carotenoid nomenclature offers difficulties for reasons 
listed by Zechmeister (6), and sympathy with several of his objections to the 
report of the Committee on Biochemical Nomenclature (7) may be expressed. 
Full discussion of all views is essential, though ultimately compromises or 
arbitrary decisions are inevitable, and there may indeed be reservations over 
some of Zechmeister’s objections. As he rightly suggests, the pigment 
CwHss should not be termed carotene, but dihydrocarotene. However, we 
are then confronted with the dilemma of {-carotene, a simple and useful 
designation for a natural carotenoid hydrocarbon pigment considered by 
Porter & Lincoln (8) to be an octahydrolycopene. For simplicity and ease 
of reference in the immediate future, a useful distinction might be to retain 
designations such as {-carotene and even y-carotene (9) for naturally oc- 


1 The survey of the literature pertaining to this review was completed in De- 
cember, 1951. 
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curring hydrocarbons, but not for synthetic products such as dihydrocaro- 
tene. 

A second reservation involves unambiguous usage of the prefixes pro- 
and proto-. The Committee may not have followed the most desirable usage 
with regard to designating precursors, but it can be defended against serious 
grammatical error in its use of pro-.The first meaning of pro-, both in Webster 
and in Cassell’s Latin English Dictionary is before. This is normally used in 
a spatial sense, but there was an early suggestion (10) that prolycopene and 
pro-y-cartone might be precursors of the corresponding all-trans forms. 

With regard to the naming of isomers and numbering of double bonds, 
the approach suggested by Epstein & Rossini (11) is unequivocal, but, ap- 
plied to carotenoids, would be unwieldy for ordinary reference purposes. 

It seems at this stage, therefore, convenient to retain the term prolyco- 
pene for a stable pigment of considerable biochemical and genetic interest. 
The general term procarotenoid seems less justifiable, indicating as it must, 
all forms of a given set except the all-trans. Stability of the isomers and even 
of the same isomer under difficult conditions in nature is a relative matter, 
e.g., prolycopene in Mimulus (10) and in the tangerine tomato (12). It 
would therefore be highly artificial to classify the various cis-forms on the 
basis of lability without specifying exact conditions. 

The foregoing expresses the viewpoint of an individual also not a member 
of the Committee. Rules adopted by the International Union of Pure & 
Applied Chemistry are shortly to be published. These cover only areas of 
general agreement. 

The polyene system.—As pointed out by Zechmeister (13), double bonded- 
ness varies throughout the conjugated chain. Each double bond loses some 
of its double bond character to the adjacent single bond, the amount lost in- 
creasing as we approach the center of the chain. Consequently the central 
bond, e.g. in B-carotene or lycopene, has the least double bond character. 

The potentialities of the polyene system must include those of the indi- 
vidual double bond. The controlled oxidation or reduction in vitro of B- 
carotene leading to products such as f-carotenone or dihydro-8-carotene, 
where specific double bonds are singled out, implies an isolation or vulnera- 
bility greater than that in the double bonds not singled out under the experi- 
mental conditions. The fact that different double bonds are involved in the 
two cases is paralleled by similar examples in vivo. Epoxide formation occurs 
by addition of oxygen to the double bond in the cyclohexenyl ring, whereas 
the central bond is involved in the hydrolytic fission of B-carotene to yield 
vitamin A. These examples may not be so radically different in kind as it 
might seem. Thus, in exploring a possible role of carotenoids in photosyn- 
thesis, Calvin has expanded the reasoning of Dorough & Calvin (14) to sug- 
gest that liberation of oxygen from a peroxide might proceed via an epoxide 
as follows: Structures I, Ia, and Ib represent conventional and polar reso- 
nance forms of a carotenoid epoxide, and II the furan derivable from I. The 
furanoid ring could be ruptured in one of two ways, either reverting to the 
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original, or as represented by structures II a, b to a new form, where, written 
conventionally we see that the net effect, III, has been to move the oxygen 
along the polyene chain. New furans could be formed, as in structure IV via 
III a,b. Thus Calvin envisages the possibility of oxygen being transferred 
from the ends, as in a diepoxide; meeting possibly at the center, they would 
form a peroxide V, the decomposition of which would yield the original carot- 
enoid and oxygen gas. An attempt was made to test the hypothesis experi- 
mentally with water containing O'8, but results were inconclusive (14), ow- 
ing to dilution and the small quantity of carotenoid isolated. 

Retinene, vitamin A aldehyde, has been obtained by oxidative cleavage 
of B-carotene with hydrogen peroxide-osmium tetroxide (15) and manganese 
dioxide in ether-ethanol in air (16) with good yields, so that the oxidation 
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can proceed at those unsaturated centers ‘‘which are least substituted and 
sterically most available.” To this might well be added the likelihood of the 
initial attack occurring where double bond character is at its greatest for a 
given stereoisomeric configuration. The rupture would then obviously be ex- 
pected at a point of greatest instability. Thus, under a given set of condi- 
tions, the organism might produce epoxides, furanoids, or even cleavage 
products such as crocetin or vitamin A. In the photooxidation of chlorophyll 
preparations, Lonie & Ritchie (17) observed an oxygen:carotene mole ratio 
of unity. They considered their final stable product to be a hydroperoxide, 
and in manometric studies, they noted a partial reversibility on lowering 
the oxygen partial pressure. 

A direct synthesis.—The synthesis of a polyene directly from cyclopenta- 
diene (18) has been studied kinetically, and three elementary steps have been 
deduced, namely initiation, propagation, and termination. The compound, 
a polycyclopentadiene, was isolated as the trichloroacetic acid adduct. The 
end groups in the adduct are believed to be CCl;- COO and H respectively. 
Eighteen pentadiene units polymerize, and the formation of a conjugated 
double bond system seems to necessitate a migration of protons. It is to be 
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noted that proton acceptors inhibit formation of the polymer. Ionic inter- 
mediates are suggested since trichloroacetic acid adds to double bonds with 
ester-formation. This step is also postulated for the initiation reaction. The 
polyene is deep red, giving a blue coloration with mineral acids and antimony 
trichloride. 

Poly-ynes.—The study of polyacetylenic compounds or poly-ynes, of 
general formula H(C=C),H or CsH;(C=C),CeHs (19) has obviously been 
facilitated by the pioneer work of Kuhn and his colleagues on the polyene 
hydrocarbons. Di- and tri-ynes have been found in diverse natural sources, 
and their potential role as hydrogen acceptors, e.g., in the dehydrogenation 
of polyene chains, should be borne in mind. Their reactivity will stimulate 
further search for their occurrence. 

Cis-trans isomers.—Zechmeister's review (13) on cis-irans isomerization 
laid a firm foundation and there has been little need for amplification. In 
1949 he pointed out (20) that the all-trans rod-shape is net greatly modified 
by a single ¢trans—cis rotation at or near the end, whereas a V-like pattern 
is obtained when the rearrangement is at or near the center; structures VI 
a, b, illustrate this point. Structure VI c shows the straightening out of the 
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chain as a result of successive trans—cis rotations. Zechmeister here develops 
the concept of an “anchoring’’ group in explaining discrepancies in the 
chromatographic adsorption sequences for cis-trans mixtures of individual 
carotenoids. For a-, B-, and y-carotenes, a single peripheral cis stereoisomer 
is adsorbed above the corresponding all-trans form. In general, the all-trans 
and peripheral mono-cis forms (essentially rod- or straight-types) are ad- 
sorbed above the central mono-cis (bent or V-type). This is also true of the 
cryptoxanthin set. However, with lutein and zeaxanthin, although trans—> 
cis rotations cause the expected weakening of color, there is an increase in 
adsorption affinity. As will be noted later, Goodwin & Taha (21) present 
evidence that cryptoxanthin may be a 4-hydroxy B-carotene, whereas deg- 
radation studies have placed the hydroxyl in position 3 for lutein and 
zeaxanthin. The anchoring group therefore would be different in the two in- 
stances. Two other cases may be cited of unexpectedly high adsorption af- 
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finities, phytofluene and phytofluenol (22). The latter is a colorless polyene- 
ol found in some ripe tomatoes, ca. 0.15 mg. per kg. fresh fruit. It is adsorbed 
above cryptoxanthin. If we compare all-trans zeaxanthin with all-trans B- 
carotene, adsorption affinities are modified by the presence or absence of 
functional groups—in this instance the hydroxyls,—but as between phyto- 
fluenol and cryptoxanthin, or an all-trans carotenoid and its central mono-cis 
form, the ‘“‘anchoring” group, affecting the orientation of the molecule to the 
adsorbent, and the over-all shape of the molecule itself are more important 
in determining the adsorption affinity. 

The shape of the molecule is of importance in other reactions, for example 
in the ease with which certain carotenes can be converted to vitamin A. To 
select one example from the work of Deuel, Zechmeister, and their col- 
leagues, neo-a-carotene U is probably either 9- or 3-mono-cis a-carotene. The 
potencies of all-trans a-, and neo-a-carotene U, relative to all-trans B-carotene 
are 53:13:100 (23). A single trams—cis rotation thus reduces the potency by 
approximately 75 per cent, i.e., from 53 to 13. 

The conditions under which the natural carotenoids can be isomerized 
in vitro are well known (13), and the detailed study by Zscheile and co- 
workers (24, 25) on the photochemical reaction with iodine forms a useful 
supplement in insuring reproducibility of results. 

The formation of cis-isomers in vivo may be either gene-controlled, as in 
the tangerine tomato where prolycopene, a poly-cis form of lycopene is found 
(12) or it may be an environmental effect, possibly as in Mimulus (10). This 
phase will be discussed under biosynthesis. 

Epoxides.——The circumstances leading to the discovery of carotenoid 
epoxides, their characterization, preparation, and properties have been fully 
discussed by Karrer (26), and recapitulation is unnecessary. There is as yet 
no reasonably complete picture to account for their widespread but some- 
what sporadic distribution in nature. A study (27) of-the pigments in the 
pollen and anthers of several plant species revealed no carotenoid epoxides 
in the pollen of 10 (and very little carotenoid at all), whereas anthers of 
some species were rich in carotenoids. Antheraxanthins appear to be es- 
pecially prevalent in anthers of lily species. Additional studies (28, 29) indi- 
cate that the epoxides are regular components of leaves. At this point, it 
may be recalled that the epoxide is formed only where the f-ionone con- 
figuration is present. Consequently, a-carotene and lutein can form only a 
monoepoxide, whereas zeaxanthin can form a mono- (antheraxanthin) or 
di- (violaxanthin) epoxide. The lutein epoxide can be converted into two 
furanoids which are stereoisomers, flavoxanthin, and chrysanthemaxanthin. 
These differ in adsorption affinity, and the latter does not give the charac- 
teristic blue color with hydrochloric acid. Violaxanthin was observed in green 
leaves by Strain together with other highly oxygenated carotenoids, in his 
monograph on leaf xanthophylls (30). As stated later (31) ‘of all the pig- 
ments now considered to comprise a part of the photosynthetic apparatus of 
autotrophic plants, the xanthophylls vary most.’’ While this statement was 
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applied primarily to algal xanthophylls in comparison with those of higher 
plants, it would seem equally applicable to a given higher plant, and to be 
true not only of neoxanthin but also of flavoxanthin, about which there has 
been some controversy. Neoxanthin as originally prepared (30) gave a deep 
blue coloration when treated in ether solution with concentrated hydro- 
chloric acid. More highly purified by additional chromatography, it gave 
an absorption spectrum identical with earlier samples, but no blue color (31). 
Flavoxanthin from leaves and dandelions also differed in this respect so that 
Strain, Manning & Hardin (31) suggested that flavoxanthins from different 
sources might not be identical. The writer has also had experience of ap- 
parent extreme lability in vivo of these compounds. Natarajan & Mackinney 
(32) examined the carotenoids of the juice of the Valencia orange. Approxi- 
mately 66 per cent of the pigments were esterified, 25 per cent free xantho- 
phylls, and 9 per cent epiphasic nonsaponifiable. A breakdown of the xantho- 
phylls indicated virtually no lutein or zeaxanthin, nearly 50 per cent flavo- 
xanthin isomers, and 20 per cent of a pigment which, from spectroscopic 
data, it may now be surmised was lutein mono-epoxide. All the flavoxanthin 
components gave the deep blue coloration with hydrochloric. Iodine cataly- 
sis showed minor changes, together with the development of a cis peak. 
Otherwise comparable material, a few months later, gave the same distribu- 
tion of pigments with identical spectral properties but no blue color was ob- 
tained with hydrochloric acid. However, on iodine-catalysis, a deep green 
color developed in the light, with no change in the dark. The green is due to 
a blue component together with unchanged yellow carotenoids. The blue 
pigment may be extracted with 90 per cent ethanol from petroleum ether in 
which the reaction occurs, and transferred to fresh petroleum ether, restored 
to the original yellow with alkali, and the whole process repeated in anhy- 
drous solvent. This reaction takes place prior to saponification. Diethyl 
ether is replaceable with petroleum ether, but, while the pigment in blue 
form appears soluble in the latter solvent, it separates at the interface on 
standing for several hours. Applied to extracts from Viola tricolor and dan- 
delion, results vary as they have with the orange. 

An initial positive reaction with hydrochloric acidwould appear to depend 
on unesterified free violaxanthin and similar compounds. The iodine-light 
catalyzed reaction proceeds with esterified compounds. The greatest effect 
is always obtained by use of iodine and light, and hydrochloric acid. The 
sequence does not matter. The blue products have broad absorption bands in 
the red with maxima varying from 625 to 700 mu. They are not stable and 
the amount of pigment which can be regenerated is variable, so that an or- 
derly description of the phenomenon is difficult. 

The experimental foundation necessary to clarify this situation will un- 
doubtedly bring out the lability of the epoxides, the ease with which the 
epoxide oxygen can be added and also lost, as well as the ease with which 
subsequent transformations can occur. Clearly obvious also is the potential 
role of the pigments in oxygen transport. 
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It is of interest that B-carotene diepoxide and luteochrome (a mono- 
epoxide, monofuranoid of B-carotene) both show vitamin A activity (33). 
Compared with all-trans B-carotene, their activities are 70 and 20 per cent, 
respectively. r 


BIOSYNTHESIS OF CAROTENOIDS 


General.—Carotenoid synthesis in plants will be considered first, since 
there is no authentic case of carotenoid synthesis de novo in animals, though 
specific and characteristic changes may frequently be made in the ingested 
carotenoid. 

There are numerous papers which, while having a direct bearing on carot- 
enoid synthesis, cannot yet be pieced together. For example, Bandurski 
(34) has shown that carotene synthesis contains at least one fluoride-sensitive 
step, in its elaboration from externally applied glucose or sucrose. Elsewhere 
an increase in the carotene:xanthophyll ratio has been shown (35) under 
conditions favorable to photosynthesis and where the total carotenoid con- 
tent remained constant. This, of course, implies only an interconversion, 
but there is inevitably a strong temptation to study synthesis under condi- 
tions where the carotenoids are important, as in photosynthesis, rather than 
under circumstances where an essential (as distinct from useful) role cannot 
be conceded. Thus Frank (36) has studied the chlorophyll: carotenoid inter- 
relationship. Under conditions where increase in light intensity brought 
about an increase in chlorophyll, there was initially an increase in carot- 
enoid and subsequently a decrease. The esterification of magnesium vinyl 
pheoporphyrin to its phytyl ester (i.e., protochlorophyll) is assumed to take 
place at the expense of carotenoid. Frank worked with etiolated Avena 
coleoptiles. Indicative of the rate at which carotenoids may be synthesized, 
Sadana & Ahmad (37) found increases in ripening mangoes, in 8-carotene 
from 3.9 to 96.3 ug. per gm. and in xanthophylls from 6.7 to 42.1 wg. in 12 
days. In sunflower petals (38) a gradual rise in carotenoids was noted as the 
flower opened, reaching a maximum, 465 mg. per 100 gm. just before seed 
formation begins. Sainov & Grinberg (39) report that 50 per cent of the total 
pigment is taraxanthin, whereas previously helenien, the dipalmitate of 
lutein, has been isolated as a major component. Environmental conditions 
may well be responsible for reported differences. Major contributions have 
been made on the problem in several microorganisms, including Phycomyces 
blakesleeanus, Corynebacterium spp., Rhodotorula (red yeasts), and also in the 
tomato. 

Microorganisms.—In microorganisms, the relationships between pig- 
mentation and cultural conditions or culture media appear extremely di- 
verse, although considerable evidence is being accumulated. Where the pig- 
ment is carotenoid, it is a reasonably safe generalization that a yellow to 
orange color im vivo indicates a preponderance of carotenoids with 11 or 
fewer conjugated double bonds, and a red to reddish pink, the equivalent of 
13 or more. Braun (40) found in Corynebacterium michiganese a yellow pig- 
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ment when the medium was supplemented with thiamine at the level of 
0.1 mg. per liter. White mutants existed, by the way, which did not respond 
to the addition of thiamine. Starr & Saperstein (41) found a response in 
C. poinsettiae to thiamine. Low thiamine concentrations, 0.1 wg. per 100 ml., 
resulted in a pink colony, with predominantly spirilloxanthin (mostly all- 
trans) and lycoxanthin. High thiamine, 100 yg. per 100 ml., caused formation 
of orange colonies with a marked reduction in the spirilloxanthin content, 
little change in the lycoxanthin, and cryptoxanthin was now detected. In 
both cases, minor quantities of mono-cis isomers were separated. While 
either thiazole, or to a lesser degree pyrimidine, could replace thiamine as a 
growth factor, only the thiazole moiety caused formation of carotenoid, as 
in Braun’s study. The authors tentatively suggest that thiamine is active in 
some metabolic process promoting ring closure of the open chain type (ly- 
coxanthin) to the closed or ring type (cryptoxanthin). The course of carot- 
enoid synthesis in the tomato is cited as a possibly analogous process. The 
argument will be examined in detail later. 

In the photosynthetic Rhodopseudomonas spheroides, van Niel (42) ob- 
served color differences caused by culture conditions which affected the 
ratio of red to yellow carotenoids. Suspensions were incubated for 16 hr. 
with the results shown in Table I. The total pigment remained constant 


TABLE I 


EFFECT OF CULTURE CONDITIONS ON CAROTENOID CONTENT OF 
A PHOTOSYNTHETIC ORGANISM 


Micrograms of carotenoid per gram 

















Anaerobic Aerobic 
Pigments a 
Dark Light Dark Light 
Yellow 189 201 182 97 
Red 97.5 103 155 202 





whether held under aerobic or anaerobic conditions, and the effect of light 
was not significant except when oxygen was present. The yellow:red pig- 
ment ratio is two for both anaerobic cultures. Aerobically in the dark, there 
is an increase in the red (more highly dehydrogenated) which is accentuated 
still more in the light. In a strain of the aerobic red yeast, Rhodotorula 
glutinis, Phaff et al. (43) found that temperature differences effected a 
similar color change, and Nakayama (44) determined that the predominant 
pigments were 8-carotene at 5°C., and torularhodin at 25°C. A yellow cul- 
ture grown at 5°C. became red-orange on the surface at 25°C. in the pres- 
ence of air, but not when held under nitrogen. 

The role of phytofluene, C~He(+2H) a formula offered with reservation 
(45) or CoHes as suggested later (8), may be conveniently considered at this 
juncture. Its ubiquity necessarily led to the plausible suggestion that it 
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might be involved in the biogenesis of red yeast polyenes (46) and indeed of 
polyene carotenoids in general. This reasoning has been extended by Porter 
& Lincoln (8). The basis is evidence for the existence of a series of compounds 
with absorption spectra fitting the necessary postulated structures. These 
range from tetrahydrophytoene (an eicosahydrolycopene, CyoH7) through 
phytofluene (CyoH¢g) to lycopene (CyoHss), and the formation of B-carotene 
from lycopene is postulated by ring closure. The scheme has much to com- 
mend it, and it may well be right in broad outline subject only to minor re- 
visions. As the writer will endeavor to show, however, other plausible theo- 
ries are possible, and its acceptance must await proof by enzymatic means 
that a postulated intermediate can in fact be metabolized as suggested. Con- 
sidering now the case for phytofluene, in Neurospora, the absolute amounts 
of phytofluene are essentially independent of light, whereas production of 
colored polyenes is greatly stimulated (47). A reinvestigation of Rhodotorula 
mutants 24 years after the mutations had been artificially induced (48) 
showed a substantial decrease in phytofluene both in absolute amount and 
in relation to colored polyenes. It illustrates inter alia the genetic instability 
of Rhodotorula which any worker who has cultured this organism must have 
observed. It may be added that, in R. peneaus and R. glutinis, Nakayama 
(44) has rarely observed phytofluene. Adsorbed below the §-carotene are 
three fluorescent bands. The two upper ones are quite similar, having a 
greenish blue fluorescence, and a three-banded spectrum with maxima at 
408, 385, 365 my. The third exhibits a sky-blue fluorescence, is unaffected by 
iodine catalysis, and gives a reddish purple color with sulfuric acid. It has 
an absorption maximum at ca. 340 my., with points of inflection at ca. 355 
and 325 mp. The shape of the absorption curve makes it unlikely that the 
compound is related to #er-thienyl isolated from petals of marigold, Tagetes 
(49). It does not correspond with those isolated from deep sea muds (50). 
The evidence in R. glutinis may of course be classified as an unusual ex- 
ception. It may also be argued that the green-fluorescing compounds, prob- 
ably intermediate between phytofluene and {-carotene, serve as substitutes. 
The case of the blue Jacaranda blossoms (22) is an exception in the opposite 
direction, where the phytofluene content is 10-fold greater than that of the 
polyene carotenoids. 

In Phycomyces blakesleeanus, the main pigment is B-carotene (51). Traces 
of a-carotene and other minor components are also found, but xanthophylls 
are absent. The carotene content is 0.14 per cent on a dry weight basis, and 
0.7 per cent on a lipid basis. Glycine stimulated production of carotene, hav- 
ing twice the effect on (—) strains over (+). Twice as much carotene was 
synthesized in cultures exposed to the light. In the absence of nitrogen (i.e., 
glycine), carotene production ceases, though glucose continues to be metab- 
olized. 

Schopfer & Grob (52) studied media in which growth was observed with 
and without carotene production. Later (53) a synthetic medium containing 
thiamine was modified so that glucose and asparagine were replaced by 
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ammonium lactate. No pigment was formed. When sodium acetate was 
added, pigment was formed, though at a lower level than when glucose and 
asparagine were in the medium. Goodwin (54) confirmed Turian’s finding 
(55) that diphenylamine had an inhibiting effect on carotene synthesis at 
concentrations which had no effect on growth. In addition to 8-carotene (the 
major component, as already indicated) there was a specific inhibition of 
these minor components: lycopene, a- and y-carotenes. The production of 
the following was stimulated: phytofluene, phytoene, neurosporene, and 
f-carotene. Turian worked with the paratubercle bacillus, Mycobacterium 
phlei (55), and observed that iron and manganese increased production of 
carotenoids, and that the oxidation-reduction potential played a role in their 
biosynthesis. In M. phlei, the diphenylamine behaves as an antioxidant, 
affecting the production of the enolizable keto carotenoids first. Iron in con- 
centrations of 0.1 mg. per 100 ml. represses the inhibition. 

Several reports have appeared on carotenoids of Basidiomycetes. Egle 
(56) isolated lycopene from the red fruiting body of the tropical Anthurus 
aseroformis. The early work of Willstaedt on various species of the mushroom 
Cantharellus had demonstrated such common components as a- and B- 
carotenes, lycopene and flavorhodin. In a recent investigation on another 
species, Haxo (57) has isolated a new carotenoid canthaxanthin, with a 
single absorption band in the visible. This species differs from those examined 
by Willstaedt who found 8-carotene to be a major component, while here it 
was in trace amounts. 

The tomato.— Differences in the carotenoid picture in the common tomato, 
Lycopersicon esculentum, are controlled by at least two sets of gene pairs, 
RR, Rr, rr, and TT, Tt, tt. The groundwork was laid by Zechmeister and his 
associates who examined characteristic red, yellow, and tangerine tomatoes, 
the genotypes of which are represented by RRTT, rrTT and RRit respec- 
tively. In the absence of R, as in the yellow rrTT, they observed the char- 
acteristic failure of the fruit to synthesize lycopene (58), while in the absence 
of T, asin RRitt, they isolated and described (12, 59) prolycopene demonstrat- 
ing for the first time, the occurrence in nature of a cis form of a Cqo-carotenoid. 

Zscheile & Porter (60, 61) examined the progeny from numerous crosses 
of two red-fruited species, L. esculentum, and L. pimpinellifolium, and of the 
green L. hirsutum. They reported on the presence of unusual carotenes and 
observed that some selections had either new carotenes or unusually high 
concentrations of pigments previously noted. Of particular interest was the 
discovery of a gene, B, by Lincoln & Porter (62) in the back cross of an L. 
esculentum X L. hirsutum hybrid to L. esculentum. This expressed itself in a 
marked increase in synthesis of B-carotene, and disappearance of lycopene 
as a major component. Selections were also made for fruit with high con- 
centrations of other components. The reasoning is as follows (8): 

The development of selections containing a high content of one or more of the 


colorless polyenes and carotenes may prove to be an example of a general method for 
studying the mechanism of the biosynthetic processes in plants. This method of 
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studying biosynthesis, in which selections from the crosses of genetically diverse stocks 
are made, is based upon the assumption that the parent stocks will differ at more than 
two loci which affect the biosynthetic process in question. The compounds in these 
selections will then represent various stages in the synthesis of the compound which 
is the end product of the synthetic process in question. 


The authors would thus establish the position of a compound in the 
biochemical scheme, and they anticipate the possibility of ultimate proof 
enzymatically. They consider that such a method could prove more success- 
ful than one whereby mutations are produced artificially owing to the im- 
probability of inducing the occurrence of a specifically desired mutation. 
Before we concede the superiority of one method over another, we should 
examine what is attempted in the two cases, and we shall apply the general 
argument to the specific case in hand. There are two series of alleles which 
may be postulated for the whole genus Lycopersicon (esculentum, hirsutum, 
peruvianum, etc.) We may picture one series at loci a to x thus: 





a b c d-+-+x 
ao bo co dg 
. a, by Cc d, 
ade be - d, 
a3 — — = etc. 


In purely formal fashion, we may designate do, bo, etc., as the absence of 
allele or locus. This condition may not exist at a given locus in any existing 
geriotype, though it may conceivably arise as a result of spontaneous or 
artificially induced mutations. Species and varietal differences then are 
expressed at each locus by alleles distinguished by appropriate subscripts, 
e€.g., a1, be, Ce—etc. to be compared, possibly with a,b,cg—. A second series is 
common to all members of Lycopersicon. While we may designate these loci 
by: a, B, y, 6, ..., , we cannot know anything about them until their exist- 
ence is revealed by spontaneous or artificially induced mutations. A muta- 
tion may establish a new a, at the known locus a, or it may occur at e¢, 
hitherto unknown, as a result of which the new locus e is identified by e. 

To sort out and regroup pre-existing differences is the traditional proce- 
dure in genetics, and a notable part of the work of Porter & Lincoln lies in 
this sorting cut process, selecting genotypes containing high concentrations 
of individual carotenoids. 

Mackinney & Jenkins (63) have completed one set of studies on exclusive- 
ly L. esculentum strains. Fruits heterozygous at R or T loci or at both (i.e., 
RrTt) as well as the double recessive (rrit) have now been examined. Fruit 
may be classified in one of four groups; the first three are the reds, yellows, 
and tangerines, whether the genotypes are pure or heterozygous, and the 
fourth is an atypical tangerine, the double recessive. 

The major components include: the lycopene set (all-trans-, mono- and 
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di-cis and prolycopenes), y-carotene* (poly-cis), {-carotene, B-carotene, and 
phytofluene. The range in carotenoid contents for one triangle of crosses, 
namely tangerine X yellow, yellow Xred, red X tangerine, together with segre- 
gants from the first-mentioned, is shown in the accompanying table. 


TABLE II 
Tomato ANALYSES (63) 
Micrograms of carotenoid per gram of fruit 











Pigment Red Tangerine Yellow Doubl 7 
Recessive 
Lycopene set 70-130 40-55 0-0.5 10-15 
y-carotene — 8-15 — —_ 
¢-carotene _- 20-50 _— 0-0.1 
8-carotene 5-10 3-12 1-3.0 0.5-1.0 
Phytofluene 3-5 4-7 ca. 0.1 0.7-1.0 





The fact that a particular component may be absent in a member of this 
triangle does not of course mean that it may not be found asa result of other 
crosses. This is true for example of {-carotene in the red-fruited types (60), 
but even here it would not seem justifiable to classify it as a major component 
except in the typical tangerine of genotype RRtt or Rritt. While we can agree 
with the view (59, 60) that R undoubtedly favors carotenoid production and 
T has a definite control of configuration, favoring the all-trans form, the 
interaction of these sets of alleles is complex and the more the data are 
examined, the more speculative appear any definite conclusions. The deriva- 
tion of B-carotene from lycopene on present evidence also seems open to 
question. According to Lesley & Lesley (64), L. esculentum differs from the 
green-fruited L. hirsutum in at least three genes affecting flesh color, and as 
they rightly observe, the actual number and identity of the genes is not 
known. They discuss also modifying genes with a cumulative effect tending 
to reduce the concentration of lycopene. In addition to R, T, and B already 
mentioned (62), we are aware of at least two others. Both show changes which 
can best be described histologically. 

In the normal red fruit, pigment is distributed in the walls around the 
locules and it may also occur in the skin. In the double recessive there is a 
characteristic tendency for the pigment to be irregularly distributed in the 
locular walls and skin, and uniformly throughout the placental walls. A gene 
(found in a Mexican specimen by Professor Jenkins) causes an apricot-like 


2 The name y¥-carotene is retained for the time being for two reasons: proof that 
it is tetrahydrolycopene has not been published; as a naturally occurring pigment, 
it is in the same class as ¢-carotene which has not been superseded by the term octa- 
hydrolycopene. 
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coloration intermediate between yellow and red. Carotene is within the nor- 
mal range, and there are deeper pink blushes in the tissue of the interior 
locular walls. 

Fruit from a segregant isolated by Professor C. M. Rick has an irregular 
golden appearance confined to a layer 0 to 3 mm. below the skin. The interior 
flesh has normal red pigmentation. In both instances these effects have passed 
through two or more generations unchanged, and in the former, the char- 
acter has been recovered again in F, and F; generations from crosses of the 
original with normal red fruit. 

Finally, mention may be made of fruit containing the lutescent gene. 
This causes a premature yellowing of the leaves, and the fruit ripens in an 
unusual manner, lycopene synthesis being delayed. For as much as two 
weeks, the fruit may appear to be a typical yellow rr7TT, and then it rapidly 
turns a normal red, i.e. within 24 to 36 hr. While the lycopene content has 
increased many fold, the carotene is virtually unchanged. 

As already stated, characterization of the B gene and its introduction 
into L. esculentum constitutes an important advance. The hypothesis of 
Porter & Lincoln (8) whereby a Cgo precursor is dehydrogenated stepwise 
stimulates much thought.’ The writer however believes it to be weak in cer- 
tain important respects. Ultraviolet absorption data can be accepted only as 
possibilities if the compounds have not been isolated and characterized at 
least to the point that the probable polyene is isoprenic in pattern. Degrada- 
tion products of such fatty acids as eicosapentaenoic and docosapentaenoic 
(65) could easily obscure the results and absorption measurements at 220 
mu. must be corrected for false maxima (66, 67). 

Goodwin (54) observed inhibition of lycopene and stimulation of phyto- 
fluene and {-carotene with diphenylamine. From this, it would appear in 
Phycomyces that the dehydrogenation of {-carotene to lycopene is a difficult 
step. The importance of this type of experimentation cannot be too highly 
stressed. A difficulty in assuming an orderly stepwise dehydrogenation 
throughout lies in the progressive change in the shape of the molecule which 
must be postulated. The largely saturated coil shape must necessarily be 
replaced by a straight or rod shape since phytofluene and {-carotene have 
all-trans configurations. Prolycopene as a poly-cis form may approach the 
shape of structure VIc, g.v., since it has no cis-peak. 

If we consider the qualitative and quantitative differences in the carot- 
enoids of green leaves, carrot roots, tomato, marsh dodder, to what extent 
is one over-all scheme plausible, as suggested (8)? The writer is tentatively 
coming to the conclusion that the complexity of the R and T interaction in 
the tomato probably means that their role is played far back in the line of 
synthesis. In Corynebacterium, a simple relation between lycoxanthin and 
cryptoxanthin may weil be postulated, but no simple mechanism seems pos- 
sible for spirilloxanthin. A given metabolite, however, might well accumulate 


3 The writer wishes to acknowledge the courtesy of Dr. Porter in making available 
to him unpublished manuscripts. 
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as a result of inadequate thiamine, which could initiate or terminate a 
polymerization (18). This is not to suggest that individual syntheses would 
be expected in each case. Certain interrelationships have been demonstrated 
(42), and other appear natural, e.g., the configurations of poly-cis y-carotene 
and prolycopene are almost certainly comparable, and a simple dehydrogena- 
tion seems most plausible here. 

A general unified scheme, therefore, covering all orange and yellow fruits 
and vegetables and conceivably even leaves (8) does not seem probable. 
It is therefore ironical that the paper by Goodwin & Lijinsky (68) should ar- 
rive after the above had been written, indicating a possible answer before 
this volume appears. They establish an effect, sometimes four-fold in magni- 
tude, of L-valine and L-leucine on carotene production in Phycomyces. These 
amino acids (the latter by decarboxylation) provide the 


Cc-—C-—c— C 


c 


repeating skeleton. Leucine is more effective than valine, presumably be- 
cause of the greater ease with which isovaleraldehyde is formed. They have 
under investigation two questions: whether this is in fact the active repeating 
unit, and if so, whether dehydrogenation occurs before or after polymeriza- 
tion. 


It is of considerable importance to settle this because Bonner and Arreguin [(69)] 
studying the biogenesis of rubber, an analogous problem, concluded that the un- 
saturated compound §-methylcrotonic acid was the repeating unit; whilst implicit 
in the ideas of Porter and Lincoln [(8)] on carotenoid synthesis in tomatoes is the 
assumption that the repeating unit is a saturated compound. 


A suggestion occurs in this connection. In the first place, both compounds 
may be involved; the initiating and terminating groups are not in any way 
required to be identical. The propagation phase could well continue with the 
saturated compound, and the role of a gene or of a vitamin would then be 
limited to control of the availability of a particular fragment. Recently we 
have noted an effect of a sample of redistilled B-ionone (Novoviol, beta) on 
8-carotene production in cultures of a (—) strain of P. blakesleeanus, which 
grew sparsely in Wickerham’s medium plus 0.25 per cent pt-leucine; 72-hr. 
cultures, given 2 wg. B-ionone per 20-ml. culture medium synthesized in one 
run, 1.28 wg. of B-carotene per culture in the following 20 hr., to be compared 
with 0.48 yg. for the controls. This observation has now been repeated in five 
successive experiments. By contrast, a slight effect has been observed with 
pseudo-ionone and none with @-ionone. 


CAROTENOIDS IN ANIMALS 


Carotenoids ingested by animals frequently undergo characteristic modi- 
fication. Fish are atie to transform some of their dietary carotenoids to vari- 
ous more highly oxygenated compounds. Goodwin (70) observes that caro- 
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tenes are rarely found and that the xanthophylls are restricted to three, 
viz: lutein, a taraxanthin-like compound, and astaxanthin. Where lutein is 
found, the “taraxanthin’’ does not accumulate and vice-versa, but as- 
taxanthin is associated with both. However, the brilliantly colored Garibaldi, 
Hypsypops rubincunda, contains a series of taraxanthin-like compounds (71) 
and while carotenes according to Fox and co-workers are normally lacking, 
there appears to be no evidence of astaxanthin or related compounds. The 
“‘taraxanthin” fraction imparts no color to concentrated hydrochloric, nor 
does iodine-catalysis show any unusual results. Goodwin suggests that the 
major function of carotenoids in fish may be in photo-responses, a point 
which no doubt will be amplified. The ketocarotenoid in the gonads of the 
limpet, echinenone, and aphanin from the blue green alga Aphanizomenon 
appear to be identical with myxoxanthin. The reduction product in all three 
cases is cryptoxanthin.* 

A detailed study of the distribution of carotenoids has been made (72, 
73) throughout the life cycle of two species of African locusts. The predom- 
inant pigments are astaxanthin and §-carotene. The former constitutes 70 
per cent of the carotenoid in the early stages, and falls to less than 30 per cent 
in the mature insect. It occurs both free and esterified; in some parts of the 
body and in the wings it is found in a protein complex. Atypical dark blue 
colored locusts have only a trace of the 8-carotene and larger quantities of 
the astaxanthin. A new ketonic carotenoid, hopkinsiaxanthin, has been iso- 
lated from the sea-slug (74). 


MISCELLANEOUS 


Carotenoids in photosynthesis.—Attention should be called to Strain’s 
chapters in Photosynthesis in Plants (75) on the functions and properties of 
the chloroplast pigments, and in the Manual of Mycology on the pigments of 
the algae and their role (76). 


The constancy of the pigments in rapidly growing green tissues points to some 
unrecognized link between photosynthesis and the specific pigment mixture common 
to plants of each taxonomic group. 


Indicative of continued interest in the photosynthetic role of carotenoids 
Thomas (77) has studied the problem in Rhodospirillum rubrum and Tanada 
(78) in diatoms. The latter observed that efficiencies were the same for light 
absorbed by fucoxanthin and by chlorophyll, but not for other carotenoids. 

Carotenoids and lipid stability.—This is essentially a chemical rather than 
a biochemical problem, but the behavior of the pigments under any conditions 
adds to our knowledge of polyene behavior, and three examples may be 
chosen: Kunkel & Nelson (79) studied the oxidation of methyl linoleate, and 
noted that carotene caused an increase in the oxygen uptake, in the light 
during the induction period, in the presence of tocopherol. To stabilize 


‘ Karrer (89) however does not accept the suggested 4-hydroxy formula proposed 
by Goodwin & Taha (21) for eryptoxanthin. 
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carotene against ultraviolet photooxidation, antioxidants of the wheat-germ 
oil type are inadequate, and additional pigment is needed for protection 
(80). The induction period for hydrogenated coconut oil corresponded to a 
30 per cent destruction of carotene, after which the oxidation proceeds 
rapidly to completion (81). 

Unrelated items.—The unusual occurrence of B-carotene and phytofluene 
in wood (of an Acacia species) is reported by Stanley & Trikojus (82). The 
ketonic carotenoid chrysoflein isolated from Mycobacterium phlei by Turian 
(83) is related to astacin. Trollichrome (84) is a furanoid derived from the 
epoxide trollixanthin, CyoHs6O., from Trollius Europaeus. 

A variation of 47°C. in the m.p. of -carotene led to a reinvestigation 
(85) of this compound from different sources, to examine the possibility that 
a dihydro-y-carotene might exist, with an isopropyl replacing the isopropyli- 
dene group. This now appears improbable, so that possibly a stereoisomer 
exists. This would explain two closely adjoining zones of y-carotene in some 
chromatograms. 

The synthesis of a carotene with two a-ionone-type configurations has 
been achieved by Karrer & Eugster (86). The dl- or meso-form, €-carotene, 
is adsorbed below a-carotene. Absorption maxima are shifted 10-11 my to 
the blue from those of a-carotene. 

The latest synthesis involves a dodecapreno-8-carotene (87) and the rela- 
tion between the degree of conjugation and wave number can now be ex- 
tended to 19 conjugated double bonds. 

A detailed study of the carotenoids of Neurospora crassa has been made by 
Haxo (88). Inter alia, spirilloxanthin, lycopene, y-, {-, and B-carotenes and 
phytofluene were found, together with neurosporene, a new hydrocarbon 
carotenoid. 

At the twelfth International Chemical Congress in New York, a commer- 
cial process for vitamin A production was described by Otto Isler (90). 
Finally, the monograph Carotenoids (91) is a record of the steady progress 
and success over two decades which made that achievement possible. 

Addendum.—The field of carotenoid biosynthesis has been very active 
since the foregoing was written. Schopfer & Grob (92) with labeled acetate 
and ammonium lactate found that 69 per cent of the carbon atoms in caro- 
tene were derived from the actate, in Phycomyces. With acetate as the sole 
source of carbon, growth was poor, but carotene production was high. 
Turian & Haxo (93) found additional polyenes in M. phlei not previously 
reported in normal cultures, as a result of diphenylamine treatment. They 
state there is good reason for thinking that diphenylamine directs metabolism 
toward the formation of the less oxidized representatives of the C49 polyene 
series. The effect of B-ionone on carotene production has been noted above 
(94). A comprehensive review on fungal carotenoids has been prepared by 
Goodwin (95). 

The untimely death of Professor Arthur L. LeRosen is recorded with 
regret. 
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THE ALKALOIDS! 


By Lewis J. SARGENT AND LYNDON F. SMALL 
National Institutes of Health, Bethesda, Maryland 


The subjects considered in this review have been chosen on a somewhat 
arbitrary basis, but in general an attempt has been made to cover groups of 
most immediate interest, and also those where the main problems involved 
seem to be largely settled. 

Colchicine.—Colchicine and its congeners were last considered in the 1942 
reports; so there remains a gap of nearly 10 years to be closed. Fortunately 
this void has, in part, been filled by Lettré’s review in 1947 (1), and by the 
appearance of the fourth edition of The Plant Alkaloids by Henry (1a) in 
which the literature was covered up to mid-1948. 

Briefly, the tentatively accepted structure for colchicine at the beginning 
of 1949 was (I), but the picture was complete only with respect to ring A. 
Evidence concerning the 7-membered nature of ring B was mounting, but 
little concrete knowledge existed concerning ring C. 

The demonstration of the structure of deaminocolchinol methy! ether by 


CH,O Va | NHAc 


CH,0 \ \ 


CH30 





_ 0 
OCH, 


I Colchicine I1_ Colchinol methy!] ether 
(=O and -OCH3 may be 
transposed) 


Barton et al. (2) led to the suggestion that colchinol methyl ether is 7- 
amino-1,2,3,9,-tetramethoxydibenzo[a,c][1,3]cycloheptadiene (II). With this 
in mind Buchanan e¢ al. (3), using model compounds, reported the conver- 
sion of 9-methylphenanthrene into dibenzo[a,c][1,3,5]cycloheptatrien-5-one, 
and = 1,2,3,9-tetramethoxy-10-methylphenanthrene into  1,2,3,9-tetra- 
methoxydibenzo[a,c][1,3,5]-cycloheptatrien-5-one, the unsaturated ketone 
formed by mild oxidation of deaminocolchinol methyl] ether (2). The logical 
extension of this and earlier work to the synthesis of colchinol methyl 
ether was clearly implied. 

At about this time Rapoport et al. (4) reported their novel synthesis of 


1 The survey of the literature pertaining to this review was concluded December 1, 
1951. 
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dl-colchinol methyl ether which was shown to be identical with the race- 
mized natural product. This synthesis demonstrated the correctness of Cooks 
proposed structure (2) and was followed shortly thereafter by the publica- 
tion of Cook’s own synthesis of the same substance (5). Although both 
syntheses start by different routes they converge and parallel each other 
in the later stages. 

Further confirmation of the 7-membered character of ring B in colchicine 
has been reported by Horning et al. (6) who demonstrated the identity of 
dihydrodeaminocolchicine anhydride (derived from Windaus’ anhydride) 
with synthetic 2,3,4-trimethoxybenzsuber-5-ene-5,6-dicarboxylic acid an- 
hydride (IIT). 


CH30 Q OH 
CH3O0 co 
CH30 ° 
oc-—O0 


CHOCH, 


im IV v 


Dewar (7) has interpreted the chemistry of the mold metabolite stiptatic 
acid and of colchiceine (ring C demethylated) as suggesting that they are 
derived from the hypothetical cycloheptatrienolone (IV). This novel idea, 
for which no supporting evidence was offered, acquired some measure of 
plausibility from the recent disclosure by Haworth et al. (8) of the benzcyclo- 
heptatrienolone structure of purpurogallin, an oxidation product of pyro- 
gallol. Further corroboration of this hypothesis is due to Arnstein et al. (9) 
who showed that hexahydrocolchiceine behaved as a typical 1,2-glycol 
towards periodic acid. This does not substantiate the Windaus structure 
for ring C (V) from which only a 1,3-glycol can be expected under the 
conditions employed. 

From another direction, Fernholz (10) studied the action of sodium 
alkoxides on colchicine and observed the formation of an isomeric substance 
(allocolchicine) having the properties of an aromatic acid methyl ester. If, 
as was suspected, a benzilic rearrangement with ring C contraction was 
responsible for this change, it is difficult to reconcile these observations with 
the Windaus formulation (V). Such a system would not be expected to 
rearrange under relatively mild alkaline conditions. On the other hand, a 
tropolone configuration is consistent with the data obtained. It is interesting 
to note that Cook (11) recently rearranged synthetic 3,4-benztropolone to 
a-naphthoic acid in good yield. 

Additional evidence favoring a tropolone formulation for ring C stems 
from a comparison of the infrared absorption spectra of colchicine and its 
derivatives with those of y-thujaplicin (y-isopropyltropolone) and B- 
methyltropolone by Scott & Tarbell (12). 
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According to Raistrick (13) and Dewar (14), tropolones can be regarded 
as possible precursors of natural benzenoid carboxylic acids, and Robinson 
(15) has recently invoked the assumption of a biogenetic relation between 
the tropolones and various alkaloids. 

In an attempt to gain definitive structural evidence regarding the size 
of ring C, Rapoport & Williams (16) have recently reported the degradation 
of colchicine to octahydrodemethoxydesoxydesacetamidocolchicine (VI) in 
which the original carbocyclic skeleton is assumed to be intact. The demon- 


CH,O 
CH,O 
CH, 





VI VI. Lysergic acid 
(Isolysergic acid, A-9, 10) 


stration of identity of this degradation product with its synthetic counter- 
part should constitute unequivocal proof of the 7-membered character of 
ring C. Thus, the relative positions of the two oxygen functions in this 
ring would remain as the last gap in the structure of colchicine except for 
stereochemical considerations. 

Ergot.—After reviewing Jacobs’ evidence (17, 18) for the structures of 
lysergic and isolysergic acids (VII), in which the two substances were repre- 
sented as differing solely in the position of the heterocyclic carbon-carbon 
unsaturation, Stoll (19) concluded that, since the reversible isomerization 
of the two acids appears to be intimately associated with this double bond, 
further information regarding its exact position would be desirable. He 
reasoned that, if the asymmetry at C-8 could be abolished, it should be 
possible to isolate an optically active product if the original double bond 
was at C-9, 10; at C-5, 10, an optically inactive substance should result. 
An initial attempt in this direction involving the Curtius degradation of 
the acid to the amine, thence to hydroxyl and either oxidation of this to a 
ketone or dehydration to a doubly unsaturated system, was unsuccessful. 
A more promising, although indirect, route was found in heating the isomeric 


COOH OOH i 

HC——CH —=CH c—Cco 
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lysergic acids with acetic anhydride. Both acids unexpectedly led to the 
same, optically active lactam in high yield. The lactam formation was 
envisaged as resulting from fission of the 6,7-linkage, in the manner of B- 
amino acids, followed by lactamization of the resulting 6-amino group with 
the carboxyl function. The finding that both acids gave the same lactam 
was interpreted by Stoll as indicating that lysergic and isolysergic acids 
differ only in their steric configuration about C-8; the remainder of the 
respective molecules being identical. This view is consistent with the 
observed identity of the ultraviolet spectra of the two acids. 

Since the ultraviolet spectrum of the lactam was found to be displaced 
towards the red when compared with the original acid (indicative of in- 
creased conjugation of an unsaturated system), Stoll concluded that the 
new unsaturated center (methylene at C-8?) must have entered into conju- 
gation with the existing unsaturated system in the molecule. The implication 
is that the original unsaturated center occupies C-9, 10; at the alternative 
position C-4, 5 it would be out of conjugation with the new center of un- 
saturation. Moreover, with the original double bond at C-9, 10-(two centers 
of asymmetry, C-5 and C-8) the molecule should yield two diastereomeric 
racemates, which is in accord with the known existence of racemic lysergic 
and isolysergic acids, as well as the corresponding racemic hydrazides. 
Jacobs’ formulation of the isomerism (double bond at C-5,10 in lysergic 
acid, and at C-9, 10 in isolysergic acid) requires the existence of one racemic 





H COOH 
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lysergic acid and two isolysergic acid racemates. Stoll pointed out that the 
isolation of the second isolysergic acid racemate has yet to be accomplished 
and, in view of the foregoing, termed the two acids disastereomers rather 
than structural isomers as had been previously suggested. The following 
partial formulas VIII and IX show arbitrary configurations about the 
asymmetric centers C-5 and C-8. 

Seeking to gain additional support for the above formulations, Stoll 
attempted to abolish the asymmetry only at C-5 in the two acids, whereby 
optically isomeric products should result. Unfortunately, exhaustive 
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methylation of the two derivatives employed [viz., 6-N-methyl-8-acet- 
aminoergoline, (X) and 6-N-methyl-8-acetamino-iso-ergoline, (XI)] led 
to the same des-base (XII), suggesting that fission had occurred between 
C-6 and C-7 (with concomitant destruction of asymmetry at C-8) rather 
than between C-5 and C-6 as expected. 

Although the results of energetic alkaline hydrolysis of the ergot alkaloids 
to lysergic acid and various amino acid fractions are well known, no planned 
attempt to isolate the intact polypeptide side chain or to ascertain the 
sequence of amino acids in this system has been reported. In an attempt to 
clarify these points, Stoll (20) heated certain ergot alkaloids or their dihydro- 
derivatives with anhydrous hydrazine and found this to yield lysergic acid 
hydrazide and a tripeptide-like fragment; the intermediate keto acids 
were reduced to fatty acids by the reagent. Hydroiysis with one equivalent 
of aqueous-alcohlic potassium hydroxide (23), on the other hand, afforded 
the tripeptide containing unreduced keto acid, along with lysergic acid. 
The following table indicates the type of fragments (other than lysergic 
acid) obtained. 


TABLE I 


Propucts oF HypDROLysIs OF ErGot ALKALOIDS 














ergocornine 


Alkaloid | Hydrazine hydrolysis KOH hydrolysis 
ergotamine | propionyl]-L-phenylalanyl- pyruvoyl-L-phenylalanyl-L-proline 
| L-proline 
ergocristine | isovaleryl-L-phenylalanyl- dimethylpyruvoyl-L-phenylalanyl-L- 
L-proline proline 
| 


isovaleryl-L-valyl-L-proline | dimethylpyruvoyl-L-valyl-L-proline 





On the basis of these results (in which all of the peptide structures were 
verified either by comparison with synthetic specimens or by further deg- 
radation to smaller fragments) Stoll viewed the peptide side chain in the 
alkaloids examined as follows: the carboxyl of the keto acid precursor is 
amide-linked to the amino group of the amino acid peculiar to the alkaloid, 
with the carboxyl of the latter acid attached to the nitrogen atom of proline. 
Moreover, the appearance of the free proline carboxyl group after hydrazine 
treatment of the alkaloid precludes an amide type linkage, since it is known 
that hydrazine generally converts acid amides to the corresponding hydra- 
zides. It was concluded that the proline carboxy] is involved in lactone for- 
mation as shown in the formula XIII proposed for the peptide chain in 
ergocrystine. 

The synthesis of racemic dihydrolysergic acid by Uhle & Jacobs (18) 
and the demonstration of its identity with the racemized natural acid 
provided a proof of structure of the acid. The molecule, however, has three 
asymmetric centers and the existence of three stereoisomeric racemates 
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XII Ergocrystine 
(R = lysergic acid) 


should be demonstrable. Recognizing the attractive possibility of relating 
these racemates with the three known, natural dihydrolysergic acids which 
he had characterized earlier (21), Stoll (22) synthesized racemic dihydro- 
norlysergic acid [with yields superior to those obtained for the natural acid 
(18)]. Chromatography afforded a separation of the crude product into 
three homogeneous, isomeric racemates (methyl esters) designated A, B, 
and C in the order of their appearance upon elution of the chromatogram. 
The methiodides of synthetic dihydro nor acid methyl ester B, and natural 
racemic dihydrolysergic acid methyl ester, were identical, thereby relating 
the two. Alkaline hydrolysis of the hydrazide of synthetic dihydronorlysergic 
acid A resulted in rearrangement and led to dihydronorlysergic acid B, 
instead of A, as is the case with the methyl ester. The synthetic acid A has 
therefore been identified with racemic dihydroisolysergic acid-I, since the 
latter is the only member of this series known to undergo such a rearrange- 
ment (22). The remaining synthetic nor acid C, was accordingly related to 
dihydroisolysergic acid-II, and designated racemic dihydronorisolysergic 
acid-II. 

In analogy with the relationships described for the dihydrolysergic acids 
(19), Stoll suggests that the difference between the three dihydronorlysergic 
acids is due to the following steric factors. C-8 in dihydronorlysergic acid 
is enantiomorphic with dihydronorisolysergic acids-I and -II. Dihydronor- 
lysergic acid and dihydronorisolysergic acid-I have the same configuration 
about C-10 which, in dihydronorisolysergic acid-II, is reversed. All three 
acids are identically constituted about C-5 and may arbitrarily be repre- 
sented by the partial formulas XIV, XV and XVI. 

To gain further insight into the fine-structure of the ergot molecule, the 
action of lithium aluminum hydride on several members of this alkaloid 
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group was studied (24). Three types of products were isolated and, in the 
case of ergotamine, may be illustrated by formulas XVII to XIX. 

The formation of the polyamine (XVII), and the piperazine (XVIII), 
suggested the pre-existence of a keto-piperazine system in the peptide 
chain and this required discarding the 9-membered lactone idea postulated 
earlier (20). These findings were considered to be the first chemical evidence 
yet obtained indirectly supporting Wrinch’s cyclol hypothesis (25) regard- 
ing polypeptide structures,—a view to be accepted with reservation. 


Ha H2 Hp Ha 
H A Hg - Ho 
CH N Ha " CH3 
RCE Ee R: CHa: NH: CH: CH2OH 
CHg"N HN /H, 
*, 
as H 
CH2CgHs CHoCgHs 
XVII_ R= Lysergic acid xvIll xix 


From the known action of lithium aluminum hydride on amides the 
isolation of fragments such as XVII and XIX indicated that lysergic acid 
must be amide-linked to the amino group of the intermediate oxyamino 
acid. Since it was possible to verify the structures of fragments (XVII to 
XIX) by synthesis, and in view of previously accumulated data, Stoll 
proposed complete formulas for several ergot alkaloids, with ergotamine 


represented by XX. 
H2 H2 
H3 4H 
¢ VF H2 
AY ae 


RCONH- Cy + | 


OC——N, , CO 
HC 


CHCels 


XX = =Ergotamine 
(R = lysergic acid) 


Erythrina.—The erythrina group of alkaloids has continued to hold 
the attention of American investigators and, because of the perplexing 
structural problems involved, has recently attracted Swiss and English 
workers as well. 

Koniuszy et al. (26) have postulated that erysodine, erysovine, and ery- 
sopine, by virtue of their convertibility to the same fully O-methylated 
“erysotrine,”” have the same oxygenated ring system and differ only in the 
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position or number of O-methyl groups. Moreover, it appears that a fused 
four-ring system in which the nitrogen atom is common to two rings best 
accounts for the data they accumulated. The proposed ring system, in 
which the position of the methoxyl group is arbitrary, is shown in XXI. 

The action of mineral acids on B-erythroidine XXII under controlled 


Erysopine R-=R'=H 


Erysovine R-=R'=CHg3 





Erysodine R = R' = CH3 


conditions by Sauvage et al. (27) has led to three new derivatives: demethoxy- 
B-erythroidine (X XIIa), apo-8-erythroidine (XXIII) and isoapo-8-erythroi- 
dine (XXIV). XXIIa represents a loss of CH;0H from XXII and has an 
additional double bond. While XXIII also lacks the elements of methanol, 


xxa 
XXila lacks -OCH;; 
ring 1 is aromatic (?) 





rearrangement appears to have occurred, because it does not show the 
additional unsaturation found in XXIIa. XXIV is an isomer of XXIII; 
upon hydrogenation both yield the same product. 

Koniuszy & Folkers (28) have substantially corroborated these results. 
In addition (29) it was found that B-erythroidine yields indole on alkali 
fusion. This fact, taken with the results of oxidation experiments, in which 
hexahydrodemethoxy-8-erythroidine gave 3-methoxyphthalic acid, and 3,4- 
dimethoxyphthalic anhydride resulted from the stepwise dehydrogenation, 
hydrolysis, methylation and oxidation of B-erythroidine, led Folkers to 
propose the tentative structures (XXII to XXIV). 

Observations by Prelog et al. (30) provide evidence for the existence 
of fundamental structural differences in B-erythroidine on the one hand, 
and in the eryso- and erythra-alkaloids on the other. So far as the disubsti- 
tuted aromatic moieties and the manner in which they are fused to adjacent 
rings are concerned, the eryso- and erythra-bases were related through the 
finding that both yielded 4,5-disubstituted phthalic acids on oxidation. 
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B-Erythroidine, however, is known to yield a 3,4-disubstituted phthalic 
acid on similar treatment (31). Since, on biogenetic grounds, the relative 
positions occupied by the (precursor) vicinal hydroxyl groups in the aro- 
matic (or potential aromatic) rings are probably the same for all members of 
this alkaloid family, the oxidation results indicate that the eryso- and 
erythra-groups stem from a ring system other than that present in B- 
erythroidine. 

Seeking information with regard to the carbon skeleton of the eryso- 
alkaloids (and the related erythra- group), Folkers et al. (32) subjected fully 
O-methylated apoerysopine to the Hofmann degradation. The product of 
the second-stage of the degradation (desdimethylapoerysotrine) still con- 
tained nitrogen, indicating that this atom must have been common to two 
rings in the original molecule. Further elimination attempts (both Hofmann 
and Emde) were of no avail, so it was not possible to isolate a nitrogen-free 
product. 

The apparent relationship between the eryso-alkaloids and dehydrolau- 
danosoline (XXV), studied by Robinson (33) and by Schépf (34) clearly 


HO CH30 
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HO N:Cl CHO N 
OH 


OH 


XXV XXVI 


is not a close one since it was possible ultimately to eliminate nitrogen 
in dehydrolaudanosoline by way of Emde’s technique. It is to be regretted 
that the ozonization experiments described by Schépf (34) were not applied 
to desdimethylapoerysotrine where results of considerable value might have 
been obtained. 

Another advance in this direction was the study of the Hofmann degrada- 
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tion of dihydro-B-erythroidine by Boekelheide & Agnello (35) where it was 
found that the nitrogen atom is common to two rings in this series too. 
Oxidation experiments (leading to phthalic acid) and infrared measurements 
of one of the two methines formed have indicated the presence of an O-disub- 
stituted benzene ring as well as a terminal methylene group. 

Wiesner et al. (36) synthesized the racemate of one of the four possible 
diastereomers of cyclohexa [b]-3,4-dimethoxybenzo-[g]-pyrrocoline (X XVI), 
the structure assigned to the base derived from tetrahydroerythraline by 
reductive processes (30), and showed that its ultraviolet spectrum is identical 
with that of the natural substance. This does not necessarily imply identity 
as regards chemical constitution. Inspection will show that the molecule 
uiay be considered to be derived from o-dimethoxybenzene and, since this 
group is clearly the major chromophore of the molecule (the contribution 
of the fused cyclohexylhexahydropyrrocoline moiety should be small), it 
may well be that the spectrum observed is due principally to it. 

Carmack et al. (37) have recently reported the results of their reinvesti- 
gation of the mechanisms involved in the transformation of erysodine and 
erythraline to apoerysopine, first reported by Folkers (32). Examination 
of certain of the physical properties of the three bases (viz., specific rotation, 
ultraviolet absorption, and pK, values) convinced them that Folker’s 
representation for erysodine and erythraline XXI did not satisfactorily 
accord with the new data. 
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In particular they pointed out that the ultraviolet spectra of erysodine 
and of erythraline required placing the two conjugate double bonds in 
different rings, not in the same ring. Furthermore, they found it difficult to 
reconcile the extraordinarily high specific rotations noted for apoerysodine 
and apoerythraline with the relatively flat structure implied in the funda- 
mental ring system (X XVII) attributed to the two substances. Finally it 
was recalled that it had thus far not been possible to convert these alkaloids 
to derivatives of the dehydrolaudanosoline type despite the alleged close 
structural relationship. Because of these anomalies, the new fundamental 
configuration (XXVIII) for the eryso- and erythra-alkaloids was proposed. 

The subsequent conversion of erysodine and of erythraline to apoery- 
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sopine was viewed as being more profound than the mere aromatization of 
a potential benzene ring as had previously been suggested (32). Supporting 
this premise was the ultraviolet spectrum of apoerysopine, which contra- 
indicated the presence of two isolated benzene rings in the molecule. To ac- 
count for this and other discrepancies as well as to provide a working model 
for further work, the novel formula XXIX was introduced for apoerysopine 
(representing an acid-catalyzed rearrangement product). 


HO 


HO 


xxix 


The chemical evidence accumulated over the past few years with re- 
gard to B-erythroidine has recently been briefly, but critically, reviewed 
by Lapiére & Robinson (38). Because the presence of the grouping 


-O-CO-CH;-CH-N- 


(substituted B-amino ester) was essential to the development of their 
ideas, they abandoned Folkers’ structure XXII and intrcduced a pinene-like 
configuration for 6-erythroidine as best illustrative of the facts. 

For a discussion of the rearrangement envisaged in the formation of 
apo-8-erythroidine from §-erythroidine reference should be made to the 
original article. 

Opium alkaloids——There has been an extraordinary amount of effort 
expended in the past decade on the synthesis of major portions of the 
morphine molecule (39, 40). The most successful of these attempts is the 
elegant method of Grewe et al. (41, 42, 43), which resulted in N-methyl- 
morphinan, (XXXa) and dl-tetrahydrodesoxycodeine (XXXI). The latter 


NCH, 


R (a) R=H 
(b) R=OH 
(c) R= OCHg 


XXX N-Methylmorphinan 


could be resolved to give the levo-rotatory form identical with that from 
natural sources. This is an accomplishment of great importance for the 
theory of morphine structure, as well as for the future elaboration of a 
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natural morphine alkaloid. The Grewe procedure was extended (44) to the 
preparation of Dromoran [3-hydroxy-N-methylmorphinan hydrobromide 
(XXXb)]. Although by strict definition this is not an alkaloid, it must be 
considered with the morphine group. It appears to be several times as effec- 
tive as morphine in analgesia, and approaches dihydrodesoxymorphine-D 
(desomorphine) in this respect, but with more prolonged action (45). 
Toxicity and other morphine effects are increased proportionally, so that 
the margin of safety remains about the same. 


NCH3 NCH2CH:CH» 
CH30 HO 
HO 
° 
H (‘OH 


XXXI Tetrahydrodesoxycodeine XXXII N-Allylnormorphine 


Dromoran has been resolved, and most of the activity is found to be in 
the levo isomer (45, 46). This is addicting, and induces in man euphoria 
equivalent to that from about 10 times as much morphine. The abstinence 
phenomena upon withdrawal are similar to those of morphine (47, 48). 
Dromoran methyl ether (XX Xc) appears to be about 10 times as effective 
in analgesia as its analogue, codeine (49). 

N-Allylnormorphine (XXXII) (50), long known as a morphine antago- 
nist (51, 52), has received particular attention in respiratory depression. 
It effectively antagonizes this action of codeine, metopon, dihydromor- 
phinone hydrochloride (Dilaudid), and methadon, but not of isonipecaine 
(Demerol; ethyl 1-methyl-4-phenylisonipecotate hydrochloride) (53), and 
may prove of value for respiratory failure in obstetrics. 

With advancing knowledge of morphine chemistry, there is increasing 
interest in configuration of portions of the molecule. The previous meager 
speculation is summarized by Rapoport & Payne (54), who attacked the 
spatial relations of oxygens at carbons 5 and 6 in codeine and isocodeine. 
Ozonolysis of dihydrocodeine followed by addition of 2H proceeds to an 
ester lactone (X XXIII), not to an ester acid (XXXIV) as postulated by 
Speyer (55). By LiAlH, reduction at the lactone group, with concomitant 
hydrolysis of the methyl ester, tetrahydromorphitetrol (XX XV) was ob- 
tained, whereas starting from dihydroisocodeine the diastereoisomer (oppo- 
site configuration at the original C-6) resulted. The rate of lead tetra- 
acetate oxidation showed that the product from the codeine series had the 
hydroxyls at C-5 and C-6 in cis-position, that from isocodeine trans, thus 
establishing the configuration of the ether oxygen and the alcoholic hydroxyl 
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HOOC HOCH, 
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H OH H H 
(HO) (H) 
XXXII XXXIV XXXV 
Numbering as of Tetrahydromorphitetrol 


intact molecule 


in the intact alkaloids. This conclusion was supported by the relative 
difficulty of oxidation of the two dihydrocodeines, and extended to the 
8-hydroxy isomers (56), whence it appears that codeine and allopseudo- 
codeine have the same configuration (cis) of the hydroxyl and a-substituent, 
isocodeine and pseudocodeine the opposite one (trans). The same con- 
clusion was reached by Eddy (57) on the basis of physiological action some 
20 years ago. 

In an independent study of the aluminum isopropoxide reduction of 
dihydrocodeinone, Baizer et al. (58) came to a preliminary conclusion on 
the stereochemistry opposite to that of Rapoport; the difference was essen- 
tially resolved by the observation that the metal alkoxides employed (K or 
Al) cause epimerization at the alcoholic hydroxyl analogous to that em- 
ployed selectively in the quinine series for production of quinidine (59). 


NCH, CHg 
CH,0 CH,0 
oO oO 
XXXVI Dpsoxycodeine-E XXXVI Dgsoxycodeine-D 
(4‘-Desoxycodeine) (4°-Desoxycodeine) 


As was pointed out many years ago, none of the known desoxycodeines 
is really a codeine in which the only change is substitution of hydrogen for 
the 6-hydroxyl. By application of the procedure developed in the steroid 
series for this type of change, desoxycodeine-E (A?-desoxycodeine, XXXVI) 
has been prepared, through reduction of codeine 6-toluenesulfonate with 
LiAlH, (60, 61). Neopine toluenesulfonate gave similarly desoxycodeine-D 
(A8-desoxycodeine, XX XVII) (61). These desoxycodeines could be demethyl- 
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ated to the corresponding desoxymorphines (61, 62). As might be expected 
from the relationship to dihydrodesoxymorphine-D, A’-desoxymorphine is 
a more powerful analgesic than morphine, but shorter in action (62). 
The nature of the group at the 6-position in the morphine series is long 
known to have a strong influence on physiological action. New types of such 
derivatives are represented by 6-methylcodeine (63), 6-methyldihydro- 
codeine, and 6-methyldihydromorphine (64). These are prepared by the 
action of methyllithium upon the corresponding morphine ketones. 6- 
Methylcodeine (XX XVIII) has about twice the analgesic action of codeine 
(63). 6-Methyldihydromorphine (XX XIX) is approximately equivalent to 


CH, NCH, 
CH3O HO 
fe) fe) 
HO ‘CHg HO ‘CH, 


XXXVI 6-Methylcodeine XXXIX 6-Methyldihydromorphine 


dihydromorphine but is about twice as long-acting. In human morphine 
addicts it seems to have almost no effect in relieving the distress of absti- 
nence, in contrast to most other analgesics of the morphine group (65). 

The complicated story of the reduction of thebaine seems to have reached 
a conclusion in the spectral evidence of Stork (66), that phenolic dihydro- 
thebaine [from sodium-reduction methods (67, 68)] has the structure XL 


NCH, NCH VA | NCH 
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OH Ou CH,O 
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and not XLI as previously supposed (67). Structure XLI is actually that 
of the LiAlH,-reduction product from thebaine, the so-called B-dihydrothe- 
baine (69). This is confirmed chemically by catalytic reduction methods 
(70), and both types give products with the natural configuration at C-14. 
The generation of derivatives with the unnatural configuration at C-14 
by hydrolysis of type XLI has been confirmed (68) and the series of such 
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products extended. Gates & Tschudi succeeded in synthesizing racemic B-A‘- 
dihydrodesoxycodeine methyl ether (XLII), as well as the two C-14 
epimers from natural material. This is regarded as final proof of the C-13 
attachment of the ethanamine chain (71), but rests entirely on infrared 
data. 

The problem of the fate of morphine in the body should be amenable 
to tracer-element technique. To this end, codeine labeled with C™ at the 
methoxyl group has been prepared (72), chosen in preference to N—C"Hs; 
codeine because of less likelihood of transmethylation in the body. Also, 
poppy seedlings have been grown (36 days) in a CO, atmosphere. By 
adsorption technique, crystalline radiomorphine (0.5 per cent) was isolated, 
having the activity 84.10% counts per min. per mg. (73), but its biological 
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evaluation has not been described beyond mention of the Straub reaction 
in mice. 

Indole group; yohimbine.—A novel approach to the study of the structure 
of this alkaloid is due to Witkop (74) who degraded yohimbic acid (using 
thallous oxide) to chanodesoxyyohimbol (XLIII). The latter contained one 
isolated unsaturated center and absorbed 1 mole of hydrogen readily. 
Chanodihydrodesoxyyohimbol was further degraded (Hofmann) to d-N- 
methyl-trans-decahydroisoquinoline (XLIV) and presumably 3-vinylindole 
(XLV) (not isolated). Chanodihydrodesoxyyohimbol showed a strong, 
positive Ehrlich indole test. This observation, taken with the fact that the 
quinoline derivative was formed in a one-step degradation, constituted 
good evidence that ring C of yohimbic acid had been opened giving rise to 
the B-substituted indole configuration. The path of the Hofmann degrada- 
tion is obvious. 

Comparison of the optically active basic degradation product with syn- 
thetic resolved d-N-methyl-trans-decahydroisoquinoline showed complete 
identity, from which it was logically concluded that rings D and E in 
yohimdine are trans-locked. 
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Additional evidence bearing on the structure of yohimbine was derived 
from Swan’s (75) synthesis of yohimbone, the Oppenauer oxidation product 
of the alkaloid. By use of methods previously worked out for homologous 
substances, the substituted pyridocoline (XLVI) was synthesized and 
converted to yohimbone (partial formula XLVII) via a sequence of (known) 
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OCH3 
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reactions; the two new asymmetric centers were introduced one at a time 
so that no more than two racemates (one due to the preexisting center at 
C-3) were present at any stage. Resolution of one of the racemates of the 
final keto compound gave a (-) base which was identical with the natural 
oxidation product. Except for the absolute configuration of the asymmetric 
centers, this confirmed the structure of the ring system and the position of 
the hydroxyl group in yohimbine. 

Schwarz (76) has latterly reinvestigated the ultraviolet absorption 
spectra of tetradehydroyohimbine and tetradehydroyohimbic acid and has 
compared them with the spectra of norharman, 3-methylnorharman, 2- 
ethyl-8-carboline and related compounds. It was observed that since the 
spectrum of tetradehydroyohimbine and its derivatives was displaced to 
the red to a somewhat greater extent than that of 3-methylnorharman, and 
to a considerably greater degree than that of norharman and yobyrine, it 


n+) 
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was highly probable that tetradehydroyohimbine was more closely related to 
3-methylnorharman than to norharman. Moreover, because of this dis- 
placement towards the red, Schwarz envisaged a quaternary nitrogen atom 
as part of an anhydronium system reminiscent of the configuration 
known to occur in sempervirine (77). On the basis of the foregoing, Schwarz 
concluded that the following representation for tetradehydroyohimbine 
(XLVIII) was in closer agreement with the experimental data than the 
formulas postulated earlier by Hahn (78) and by Witkop (79). 
Corynanthine.—The knowledge that alkaline hydrolysis of corynanthine 
gave yohimbic acid, whereas corynanthic acid was produced under acid 
conditions, prompted the attempt, by Janot & Goutarel (80), to ascertain 
whether the corynanthine-yohimbine isomerism was due to a difference in 
spatial configuration of the carbomethoxy and hydroxyl groups or to the 
angular hydrogen atoms at C-15, 20 in the respective alkaloids. On heating 
corynanthic acid (partial formula (XLIX) with soda lime under conditions 


0 0 Y 


XLIX L LI 


known to convert yohimbic acid to yohimbone, an oxygen-free compound 
was obtained for which the name ‘“‘apocorynanthol” (L) was suggested. 
This difference in behavior of the two acids was taken to mean that the 
respective configurations of the carboxyl and hydroxyl groups were unlike 
in the two substances. It was suggested that the two groups were oriented 
cis in corynanthine and trans in yohimbine. 

Apocorynanthol absorbed one mole of hydrogen to give a substance 
which was termed desoxycorynanthol (LI). The latter differed from Witkop’s 
chano-dihydrodesoxyyohimbol (XLIII), but was identical with the yohim- 
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bane obtained by Jost (81) from a Wolff-Kishner reduction of yohimbone 
(ex: yohimbine). In view of these developments it was concluded that the 
spatial configurations about C-15, 20 were the same in corynanthine and 
in yohimbine but that the carbomethoxy and hydroxyl groups were reversed. 

In an attempt to gain definitive information regarding the structure 
of yohimbane, Jost (81) synthesized the lactam (LII) with the idea of 
converting it to yohimbane. Unfortunately the only reduction process 
which succeeded (electrolytic) afforded an oxygen-free compound (LIII) 
isomeric with yohimbane (ultraviolet spectra identical). A plausible explana- 
tion for this is that the newly generated asymmetric center (at C-3) is 
unnaturally constituted. 

Corynantheine.—This alkaloid, first isolated in 1926 from the residues of 
yohimbine manufacture, has recently been re-examined in the light of our 
present knowledge of yohimbine chemistry. The selenium dehydrogenation 
of corynantheine was carried out independently by Karrer (82) and by Janot 
(83), and it was soon demonstrated that the principal basic fragment, 
named corynanthyrine (LIV) by Karrer, was identical with alstyrine, the 
characteristic degradation product of alstonine(84). Although corynanthyrine 
was two hydrogens richer than tetrabyrine (ex: yohimbine) their ultra- 
violet spectra were virtually identical. Corynanthyrine on ozonization 
yielded a keto amide (LV) which afforded o-aminopropiophenone (LVI) 
and 3,4-diethylpyridine-6-carboxylic acid (LVII) on hydrolysis. Decarboxy]- 
ation of the latter gave 3,4-diethylpyridine identical with synthetic material. 
The fact that tetrahydroisoyobyrine (‘‘tetrabyrine”), under the same 
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conditions, yielded o-aminopropiophenone and 5,6,7,8-tetrahydroisoquino- 
line-3-carboxylic acid clearly indicated a structural difference in the E 
rings of the two substances. Assuming that the mechanism involved in 
the ozonization of corynanthyrine was similar to that invoked earlier for 
tetrahydroisoyobyrine by Scholz (85), Karrer pictured the reaction course 
(LIV to LVII). A careful reinvestigation of the problem has led Janot (86) 
to propose formula LVIII for corynantheine. 


mz 


14 16 
CH:CHo 
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The elucidation of the configuration of corynanthyrine (alstyrine) 
should be of value in future studies on the structure of the Alstonia alkaloids. 

Cinchonamine and quinamine.—The two minor cinchona alkaloids, 
cinchonamine and quinamine, have recently attracted considerable atten- 
tion. Interest in these substances stems partly from the novel observations 
that, unlike cinchona alkaloids previously examined, quinamine is oxidized 
by chromic acid to a vinyl-quinuclidine carboxylic acid; and 2,3-dimethylin- 
dole has been identified as one of the products from a zinc dust distillation 
of the base (87). The presence of an indole system in cinchonamine first 
suggested by Raymond-Hamet on the basis of certain color reactions (88), 
has been experimentally confirmed by Prelog (89). The presently accepted 
structure for cinchonamine is due to the significant contributions of the 
latter investigator. Aside from demonstration of the presence of a 3-vinyl- 
quinuclidine system through oxidation of cinchonamine (chromic acid), the 
existence of an indole system in the alkaloid was indicated by the isolation of 
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B-(2-acetoxyethyl)indolealdehyde (LIX) from permanganate oxidation of 
diacetyl-allo-cinchonamine. The structure of the indole derivative was con- 
firmed by reducing it to a-hydroxymethyl-8-(2-hydroxyethy])indole (LX) 
which was identical with a synthetic specimen. 

It was moreover possible to demonstrate a close structural relationship 
between cinchonamine (LXI) and quinamine (LXII). Ultraviolet and in- 
frared spectra of the latter base had indicated the presence of a substituted 
dihydroindole as well as the function -C-O-C-. On the assumption that the 
oxygen was in an epoxide cycle, quinamine was reduced with lithium alumi- 
num hydride and the product sublimed in a high vacuum, whence cinchon- 
amine resulted. This important finding apparently supported the original 
epoxide idea. On the basis of these results Prelog formulated the transforma- 
tion as a reduction of the epoxide to the carbinol followed by dehydration 
(during sublimation). 





It is of interest to compare these ideas with the earlier quinamine (R =3 
vinylquinuclidine) structures (LXIII) of Kirby (87) and the one proposed by 
Robinson (90). 

Robinson considered it necessary to modify Kirby’s representation when 


CHOH: R 
CH,OH 
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it was found that quinamine coupled with diazobenzenesulfonic acid to give 
a substance of the methyl orange type, an observation which precluded the 
presence of an indole nucleus. 

A more recent hypothesis regarding the structure of quinamine is that 
due to Witkop (91), and is based on the conversion of cinchonamine to 
quinamine by dilute peracetic acid. Doubtlessly, some basis for these views 
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exists in the fact that it has thus far not been possible to convert indole 
derivatives to 2,3-epoxides by way of peracetic acid. It was assumed that 
initially peracetic acid yielded a B-hydroxyindolenine derivative (LXIV) in 
accordance with Witkop’s earlier findings in oxidation studies in the indole 
series (92). Intramolecular addition of the B-hydroxyethyl chain to the 
reactive -C = N- bond then led to quinamine (LXV). 

Culvenor et al. (93) have studied the rearrangement of quinamine to 
epiquinamine (by hot alcoholic potassium hydroxide). Since the isomerism 
was found to persist also in cinchonamine and epicinchonamine (from 
lithium aluminum hydride reduction of epiquinamine), it was deduced that 
the epimerization could not involve the indole moiety and probably occurs 
at C-8 in the quinuclidine system. 
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Serpentine.—This alkaloid, as a result of Schlittler’s investigations (94), 
appears to be another naturally occurring base which should be added to the 
growing list of representatives of the B-carboline ring system, exemplified 
by yohimbine and semperverine. Serpentine, however, apparently differs 
from the latter two bases in important respects. In contrast to yohimbine 
and semperverine which yield yobyrine (LXVI), among other fragments, on 
selenium dehydrogenation, serpentine gives alstyrine (LIV), a base isolated 
from corynantheine (82) as well as from alstonine (84). 
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Alstyrine accounts for 19 of the 21 carbon atoms present in the molecule; 
the other two carbons as well as two of the three oxygen atoms are due toa 
carbomethoxy group. The remaining oxygen atom has been assigned to a 
heterocyclic ether function in ring E (LXVII) which could conceivably 
account for the formation of alstyrine in the selenium dehydrogenation. A 
fully carbocyclic aromatic or hydroaromatic E ring would be expected to 
lead to yobyrine. 

Because the ultraviolet spectrum of serpentine hydrochloride was very 
similar to that of yobyrine methochloride, it was assumed that this was due 
to the presence of the same chromophore (8-carbolinium system) in both. In 
order to explain the absence of an ==NH band in the infrared spectrum of 
serpentine (free base) it was suggested that serpentine (like sempervirine) 
existed as an anhydronium base thus accounting satisfactorily for the intense 
yellow color of the alkaloid. On the basis of these observations, the tentative 
structure (LXVII) was proposed for serpentine. 














CHg 
N N oe 
hd 
N N N 
H no =® 
LXV LxIx LXX 


Cryptolepine.—The alkaloid cryptolepine has recently been investigated 
by Gellert et al. (95) and found to be interesting in several respects. The free 
base crystallizes in deep violet needles, unique among the known alkaloids 
(its salts are yellow), and possesses an unusually stable ring system. Selenium 
dehydrogenation apparently causes only N-demethylation (loss of -CH:) 
since treatment of the product with methyl iodide gave cryptolepine hy- 
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driodide, which was converted by alkali to cryptolepine. Distillation of the 
alkaloid with soda-lime yielded a substance which was isomeric with the 
original material. The fact that the product now possessed a C-methyl group 
in contrast to the N-methyl group present in cryptolepine led to the con- 
clusion that migration of the methyl group had occurred; the two most 
likely positions are indicated by R in LXX. An examination of the ultra- 
violet spectra of several hydrogenation products obtained from the free base 
as well as from the hydrochloride, coupled with the intense color inherent 
in the alkaloid, led to the hypothesis that cryptolepine must contain four 
rings arranged linearly. Of these, two were postulated as being heterocyclic 
and adjacently situated as shown in formula LXVIII. 

The correctness of these views was substantiated by the demonstration 
that the base derived from the selenium dehydrogenation was identical with 
quindoline [indole-3’,2’ :2,3-quinoline (LXIX)]. 

Steroid Alkaloids. While the complete elucidation of the structure of a 
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steroid alkaloid remains a goal yet to be attained, there are indications that 
definitive results may shortly be forthcoming. 

Haworth et al. (96) have established that conessine (from Indian ‘“‘kurchi”’) 
is a steroid alkaloid. Pyrolysis of conessine dihydriodide yielded an oil which 
on selenium dehydrogenation gave a hydrocarbon CigHis. While the latter 
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apparently was identical with synthetic 3’-ethylcyclopentenophenanthrene 
(LXXI), there were indications that the natural degradation product was 
contaminated with small amounts of a difficultly-separable impurity. More 
conclusive information was obtained on degrading conessine by the Hof- 
mann and Emde processes to a crystalline, optically active hydrocarbon. 
Catalytic reduction of the latter afforded a mixture of isomeric hydrocarbons, 
one of which was identical with 5-allopregnane (LX XII). 

The application of Barton’s method of molecular rotations to conessine 
has led Bertho (97) to suggest that the alkaloid is very probably a stenol 
resembling 7-ergosten-38-ol. 

The presence of pharmacologically active glycosidal alkaloids in the 
Solanum species has been known for a long time; so the recent isolation of a 
new alkaloid from the tomato plant came as no surprise (98). Tomatine, 
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having antifungal properties, consists of tomatidine (the aglycone) and a 
polysaccharide portion composed of xylose, galactose, and two glucose units. 
The presence of a steroid configuration in tomatidine, initially indicated by 
the formation of an alcohol-insoluble digitonide, was rigorously established 
by Sato et al. (99), who oxidized triacetyltomatidine with chromic acid and 
isolated A'*-allopregnen-3(8)-ol-20-one (LX XIII) This degradation product 
and its acetate were identical with authentic specimens. 

Sato et al. (100) have also demonstrated that under essentially the same 
conditions, solasodine (from the glycoside solasonine) yielded 38-acetoxy- 
A5.16.pregnadien-20-one (LX XIV) and 36-acetoxy-16a-methoxy-A‘-pregnen- 
20-one (LXXV). The respective nitrogen-containing fragments of toma- 
tidine and solasodine (CsHi0(ONH and CsHy NO), which apparently suffer 
decomposition during degradation, are doubtlessly related to an alkyl 
pyridine since 2-ethyl-5-methylpyridine has been isolated from a selenium 
dehydrogenation of solasodine (101). 

Exploring another approach to the problem, Briggs et al. (102) found that 
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solasodine absorbed two moles of hydrogen (platinum oxide). Since the 
product, dihydrosolasodanol, in addition to being saturated, now showed an 
additional active hydrogen (hydroxyl) it was concluded that an activated 
ether function had been split. In view of this and the above findings, Briggs 
envisaged solasodine (LX XVI) as the nitrogen analog of diosgenin (LX XVII). 

Pyrrolidine, piperidine, tropane, senecio, and strychnos alkaloids.—These 
groups, except for a few of the most recent developments, have been ex- 
haustively reviewed by Manske, Holmes et al. (103). 
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CHROMATOGRAPHY 


By STANFORD Moore AnD WILLIAM H. STEIN 
Laboratories of The Rockefeller Institute for Medical Research, New York, N. Y. 


The present review will be focused primarily on innovations in chromato- 
graphic principles or practice, covering the literature since the review by 
Martin (1) two years ago. Many of the applications of chromatography are 
dealt with in other sections of the volume, particularly those pertaining to 
amino acids, proteins, nucleic acids, sterols, and carbohydrates. The reviews 
in these fields for both 1951 and 1952 may be consulted for recent literature 
references. A complete bibliography on the subject of chromatography is 
beyond the scope of one review. It has appeared desirable to limit the present 
section to a selection of some of the newer developments which are extending 
the usefulness of the method. 

Several books on chromatography have been published in the past two 
years. Adsorption and Chromatography by Cassidy (2) presents an extensive 
treatment of the principles of adsorption analysis. Zechmeister (3) has pre- 
pared a supplement to his earlier volume, covering developments in the 
period from 1938 to 1947. Lederer (4) has written a report on the progress 
in the chromatography of organic compounds in the period 1939 to 1949. 
Cramer (5) has prepared a brief monograph on paper chromatography and 
related techniques, issued in the summer of 1951. Reviews have been written 
by Strain (6, 7), Boulanger & Biserte (8), and Berl (9). Paper chromatogra- 
phy has been reviewed by Clegg (10). 

Theory of ‘‘partition’’ chromatography.—Sufficient data have been ac- 
cumulated on the performance of a variety of systems to merit a brief review 
of the theory and the terminology of chromatographic techniques. The. con- 
cept of liquid-liquid (or “‘partition’’) chromatography, as introduced by 
Martin & Synge, has, more than any other single factor, stimulated the 
development of new chromatographic methods within the past few years. 
In their approach to liquid-liquid chromatographic systems, Martin & 
Synge were particularly concerned with two special characteristics of liquids 
—the ability of solutes to diffuse into the interior of liquid droplets, which 
can increase the capacity of a column packing, and the absence of rigidly 
oriented surfaces in fluid materials, which can yield a system free from some 
of the uncertainties of adsorption on solid surfaces. These two properties 
are capable of setting liquid-liquid columns clearly apart from liquid-solid 
chromatograms. 

Most of the column packings used in “‘partition’’ chromatography, how- 
ever, are actually gels rather than true liquids [Martin (1), Synge (11)]. 
As such, they still possess, to a considerable degree, the two important attri- 
butes of liquids emphasized above. But gels also possess additional properties, 
and it is these which lead to some of the differences observed between true 
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liquid-liquid distribution, as employed in Craig’s countercurrent methods 
(12), and chromatography on gel-like structures such as cellulose, starch, 
silica gel, or powdered rubber. The initial concept of cellulose as a completely 
inert support for an aqueous phase has been altered by Martin (1) in favor 
of considering hydrated cellulose as a strong polysaccharide solution, and 
even more definitively, as a complex gel composed of adsorptive crystalline 
regions and amorphous regions in a state of incipient dissolution. With this 
model in mind, the different affinities of glycine, alanine, phenylalanine, and 
tryptopnan for starch and cellulose, observed by Moore & Stein (13) when 
water is the mobile phase, are attributable to the carbohydrate present in 
the gel-like structure. The recent observation of Kotake e¢ al. (14) that race- 
mic amino acids may be resolved on cellulose with optically inactive solvents 
is additional evidence that the carbohydrate participates in the chromato- 
graphic process. In considering the practical performance of paper chromato- 
grams, the water in paper cannot be divorced completely from the large 
quantity of cellulose which intimately accompanies it. As a fundamental 
operational concept, the complex gel is probably best considered as a whole. 
As Hanes & Isherwood (15) have pointed out, to do otherwise may involve 
an oversimplification of the problem. 

Cellulose yields a gel the sorptive properties of which parallel those of 
water in many ways. The evidence indicates (1) that some of the water is 
almost equivalent to free water. For the members of a homologous series of 
amino acids, Martin and Synge demonstrated that the relative Rr values 
on paper and on starch were very close to the relative distribution coefficients 
for the corresponding liquid-liquid system. Many other similar correlations 
have been noted, including the recent observations of Benson et al. (16) 
on therelative Rr values of a number of organic acids, glucose, and alanine, 
and the results of Mulvany et al. (17) with sugars. The parallelisms quite 
reasonably led to the original suggestion of the term liquid-liquid chromatog- 
raphy. In response to suggestions that this might be confused with the 
phrase ‘‘liquid chromatogram,’’! the name was changed to “partition”’ 
chromatography (18), a term which actually loses all of the special connota- 
tion originally intended. According to the definition of partition coefficient, 
or distribution coefficient, all chromatography is partition chromatography, 
whatever the nature of the stationary phase. It would appear preferable, 
therefore, to use the designation liquid-liquid chromatography for the 
special cases where both the mobile and stationary phases appear to be 
functionally liquids. Kieselguhr columns containing macroscopic droplets 
of a stationary phase are the clearest examples [Martin (1, 19)]. The term 
liquid-gel chromatography seems to be a more logical designation for those 


1 The term “liquid chromatogram” has been used |cf. (2)] to refer to experiments 
in which the solutes are eluted serially from the bottom of the column, rather than 
being located on the column by examination of sections of the adsorbent. The term is 
not a particularly appropriate one, and its use is becoming less common. 
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systems in which the stationary phase is physically a gel. The term liquid- 
solid chromatography is applicable to systems based on surface adsorption. 
There may be, as well, borderline or overlapping cases.” 

In order to obtain a functional gel it is essential that the flowing solvent 
be one which permits the polymer to remain swollen. Eluants such as those 
originally chosen by Martin & Synge, from mutually saturated pairs of im- 
miscible liquids are certain to preserve the integrity of hydrophilic or hydro- 
phobic gels. By invoking the sorptive power of gels, however, the range of 
useful solvents may be extended to include many miscible combinations. Al- 
though chromatography on ion exchange resins has arisen out of a quite dif- 
ferent approach, most synthetic resin systems also fall in the liquid-gel 
category, as Martin (1) has noted. 

Some of the properties of liquid-gel systems which differentiate them 
from liquid-liquid chromatograms are reviewed in the sections to follow on 
paper chromatography, ion-exchange resins, and hydrophobic gels. The de- 
gree of crosslinking and swelling of the gel and its effect on solutes of differ- 
ent molecular size, together with the influence of the polymer on the distri- 
bution coefficients of the solutes, are the principal theoretical factors to be 
considered. The ability to correlate Rr values with chemical structure, fol- 
lowing the equations derived by Martin (1), is of theoretical importance in 
the interpretation of chromatographic results. It should be noted that the 
calculations are based upon observed Rr values, not upon separately deter- 
mined liquid-liquid distribution coefficients. Calculations of this type have 
been made by Bate-Smith & Westall (20) for flavonoid compounds contain- 
ing increasing numbers of hydroxyl groups, for sugars by Isherwood & 
Jermyn (21), and for a series of peptides by Pardee (22), from the data of 
Knight (23). 

The most fundamental aspect of the theory of chromatography, and the 
one about which least is known, is the quantitative study of the intermolecu- 
lar forces which govern solubility, liquid-liquid distribution, and surface ad- 
sorption. The widespread use of chromatography and of the countercurrent 
distribution method of Craig (12, 24) is providing much new data on the 
distribution coefficients of organic and inorganic compounds in two-phase 
systems. These data should prove helpful in the physicochemical analysis of 
sorption phenomena in general, and the fundamental theory of chromatog- 
raphy in particular. The current approaches to this subject have been sum- 
marized by Cassidy (2). 


PAPER CHROMATOGRAPHY 


Paper possesses a dual structure. About half of the weight of hydrated 
paper is gel-like in nature [Martin (1)]. The remaining half contributes the 
fibrous network which supports the gel and at the same time gives to paper 
its structural strength. The mechanical convenience of strip and sheet tech- 


2 Dr. Martin and Dr. Synge have read this section and agree with the conclusions on 
nomenclature. 
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niques has led to studies seeking to extend paper chromatography by the 
impregnation of papers with surface-active adsorbents such as alumina and 
silica [cf. (1, 10); Bush (25, 26); Kirchner & Keller (27)]. With a similar end 
in view, Meinhard & Hall (28) have affixed thin stable layers of powdered 
adsorbents to plates of glass in order to study the chromatography of inor- 
ganic ions. Their method has been extended to the separation of terpenes 
by Kirchner, Miller & Keller (29). Electrophoresis on paper, in some cases 
combined with chromatographic fractionation, is leading to many new 
methods [cf. Durrum (30); Kunkel & Tiselius (31); Strain & Sullivan (32)]. 
The present section is limited primarily to developments in the use of the 
method of Consden, Gordon & Martin (32a), employing paper as a liquid- 
gel chromatogram with aqueous organic solvent combinations as eluants. 

Apparatus and techniques.—Simplicity is an important charcteristic of 
paper chromatography. It has, for the most part, been preserved in the de- 
sign of newer items of equipment. Datta, Dent & Harris (33) have described 
a convenient frame permitting the simultaneous performance of many two- 
dimensional chromatograms by the ascending technique. Block (34, 35) has 
used a low aquarium tank for the development of paper sheets. Glass jars 
fitted with desiccator tops have been used in several laboratories. Hellmann 
(36) has described a method for their use for both ascending and descending 
techniques in which the paper is suspended from a lubricated glass rod which 
passes through a rubber stopper in the cover, thus permitting the paper to 
be raised or lowered into the solvent without opening the jar. Kawerau (37) 
has designed a small all-glass unit using standard ground-joint flasks for 
single paper strip experiments. Rutter (38, 39) and Rosebeek (40) have de- 
scribed modified, rapid techniques for developing circular zones on filter 
papers, and Marchal & Mittwer (41) have suggested that an analogous pro- 
cedure is useful for the rechromatography of compounds possessing similar 
Rr values. Tests on different makes and grades of filter paper have been re- 
ported by Kowkabany & Cassidy (42) and by Rockland, Blatt & Dunn (43). 

Sheets of thick paper, such as blotting paper, have frequently been em- 
ployed in attempts to increase the capacity of paper chromatograms. 
Mueller (44) has overcome the poor resolution usually observed with such 
papers by devising a mechanism for slowing down the normally rapid rate of 
capillary flow characteristic of blotting-type papers. A strip of ordinary filter 
paper is attached along the edge of the thick sheet, and only the thin paper is 
allowed to dip into the solvent. The thinner paper serves as a valve, in a 
sense, reducing the rate of solvent flow to one which gives satisfactory chro- 
matographic results. When maximum capacity in one-dimensional separa- 
tions is desired, the sample is usually added continuously along a line ex- 
tending across the sheet to yield a developed chromatogram of horizontal 
stripes or bands instead of spots. 

Yanofsky, Wasserman & Bonner (45) have described the use of a rotat- 
ing kymograph drum to facilitate the addition of several cubic centimeters of 
solution in a narrow band from a capillary tip. Hedén (46) has described a 
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technique for extending this approach to two-dimensional experiments. The 
first separation distributes the solutes into stripes, after which the air-dried 
sheet is cut horizontally into sections and the material in each band is 
brought to one end of the resulting strip by chromatography with a solvent 
(usually water) in which the compounds have an R; of 1. With the substances 
thus concentrated in a small area, each strip is ready to be run individually 
with a second alcoholic solvent to complete the two-dimensional experi- 
ment. For the chromatography of about 10 mg. of an amino acid, Porter (47) 
has described the use of 100 to 200 strips of ordinary paper clamped together 
between steel plates. 

The combination of radioautography and paper chromatography has 
been reviewed by Weil & Williams (48). The methods of Benson and as- 
sociates (16) for the separation of the products formed during photosynthe- 
sis in C“OQ, have been described. Radioactivity counters specially designed 
for paper chromatograms include the apparatus of Boursnell (49) for P®, a 
windowless counter for tritium described by Gray et al. (50), and the con- 
tinuous recording devices of Miiller & Wise (51) for C“ and of Williams & 
Smith (52) for I. 

The possible advantages of operating paper chromatograms at elevated 
temperatures have been pointed out by Hough, Jones & Wadman (53) in 
their work on the separation of sugars; smaller and denser spots were ob- 
tained when the chromatography was conducted at 37°C. Counsell, Hough 
& Wadman (54) report that in the operation of both paper columns and 
paper strips, temperatures up to 60°C. possess the advantage that the rate 
of flow of the solvent, the capacity of the system, and the sharpness of the 
separations are increased. 

For visualizing amino acids on paper, Toennies & Kolb (35) recommend 
dipping the paper into a solution of ninhydrin in anhydrous acetone. Patton 
& Chism (55) report improved results from the usual spraying procedure if 
the reagent is dissolved in 95 per cent ethanol instead of butanol saturated 
with water, particularly when, as is now frequently the case, color develop- 
ment is allowed to take place overnight at room temperature. Thompson, 
Zacharius & Steward (56) in studies on quantitative paper chromatography, 
have obtained reproducible color values for amino acids by spraying the 
paper with 2 per cent ninhydrin in 95 per cent ethanol containing 2 per cent 
collidine-lutidine, and by developing the colors at 60°C. in an alcohol-satu- 
rated, air-free cabinet (CO. atmosphere). Kawerau (37) has recommended 
the use of a polymethacrylate resin to preserve paper strips which have been 
sprayed for the detection of carbohydrates. Kawerau & Wieland (57) have 
reported that the colors produced from amino acids with ninhydrin may be 
stabilized by spraying the paper with copper salts prior to the application of 
a plastic coating. A procedure for the routine preparation of photographic 
records of chromatograms, using blue, green, and red filters, has been de- 
scribed by Toennies & Kolb (35). Where ordinary illumination is adequate, 
most authors have used a photocopy or contact print process. Photocopies 
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taken in the ultraviolet by the contact print procedure of Markham & Smith 
(58, 59) have been widely used in the nucleic acid field. A camera technique 
for photographing chromatograms under ultraviolet illumination has been 
described by Goeller & Sherry (60). 

For the removal of inorganic salts from blood or urine prior to paper 
chromatography, a modified design of the electrolytic desalting apparatus of 
Consden, Gordon & Martin (32a) has been described by Astrup, Stage & 
Olsen (61). Major losses of arginine and slight losses of some other amino 
acids in the apparatus of Consden, Gordon & Martin meanwhile have been 
reported by Stein & Moore (62). The low recoveries of arginine were found 
to result from the conversion of this amino acid to ornithine during the de- 
salting process. 

Solvents—With the wider recognition of the liquid-gel nature of paper 
chromatography, the number of water-miscible solvents that have been tried 
has increased. In the presence of mixtures such as aqueous methanol, 
ethanol, propanol, and acetone, cellulose is capable of sorbing water prefer- 
entially to give a water-enriched gel phase. The performance of water- 
miscible solvents has been studied and tabulated for amino acids by Bentley 
& Whitehead (63), Rockland, Blatt & Dunn (43), Sibatani & Fukuda (64), 
and Decker & Riffart (65). When the water content of such solvents is 
dropped below 20 per cent, however, streaked zones are usually obtained. 
A similar phenomenon is also observed when starch columns are operated 
with propanol containing low concentrations of water (66). Markham & 
Smith (59, 67) have used 70:30 tertiary butyl alcohol:aqueous HCI for the 
separation of nucleotides, and Wyatt (68) has employed isopropyl] alcohol: 
aqueous HCI for purines and pyrimidines. Miscible solvents have proved 
particularly useful in the chromatography of inorganic anions and cations. 
Within the past few years completely new systems of qualitative and quanti- 
tative inorganic analysis have grown out of experiments with paper chromato- 
grams. The subject has been reviewed by Pollard & McOmie (69) [see also 
Reeves & Crumpler (70)]. 

A 75:15:10 mixture of secondary butyl alcohol:88 per cent formic acid: 
water is a useful water-soluble solvent suggested by Gregory & Craig for 
amino acids [cf. (42)]. It is similar in some properties to the immiscible n- 
butyl alcohol: acetic acid mixtures, introduced for sugars by Partridge, 
which have also proved to be among the most satisfactory solvents for pep- 
tides [cf. (71)], as, for example, in the investigations of Sanger & Tuppy (72) 
on partial hydrolysates of insulin. 

The variation of the Rr values of amino acids with the pH of the sample 
applied to the paper has been studied by Landua, Fuerst & Awapara (73) 
for the solvents phenol, lutidine, and butanol. Major variations in the Rr 
values were observed, particularly when the pH of the sample was far from 
neutrality. Aronoff (74) reported earlier that lysine, presumably as the re- 
sult of the migration of different ionic species, can give more than one spot 
on a paper chromatogram if the sample is added at a sufficiently high pH. 
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McFarren (75) has examined end tabulated the variations of Rr values of 
amino acids with pH on a variety of buffered papers, and found that, even 
under these circumstances, the pH of the added sample is important. 

Buffers repeatedly have been found advantageous in the chromatography 
of acidic and basic compounds. The wide utility of solvents containing acetic 
acid, HCI, and ammonia, stems from the original experiments of Consden, 
Gordon & Martin, and is based in part on the stabilizing influence exerted 
by these compounds upon the pH of the system. The use of sodium and po- 
tassium buffers introduces nonvolatile components, however, which render 
the resulting solvents somewhat less convenient to use than those containing 
only volatile constituents; for example, Rr values vary with the amount of 
buffer added to the paper. Karnofsky & Johnson (76) have examined the 
conditions necessary to attain reproducible results with the penicillins in the 
method of Goodall & Levi (76a), which uses buffered papers with water- 
saturated ether as the mobile phase. For use in the chromatography of peni- 
cillin derivatives, Baker, Dobson & Martin (77) and Albans & Baker (78) 
have recently designed a special chamber in which the solvents are continu- 
ously pumped over the walls of the vessel in order to insure the attainment 
of equilibrium with respect to ether and water. Magasanik et al. (79) have 
used ammonium isobutyrate mixtures to control pH in the separation of 
nucleotides. Blackburn & Lowther (80) have employed solvents saturated 
with potassium phthalate buffer for the paper chromatography of dinitro- 
phenyl amino acids. Brindle, Carless & Woodhead (81) have applied buf- 
fered papers to the separation of alkaloids. In a departure from the usual pro- 
cedure, Carter (82) has introduecd a method for the separation of nucleo- 
tides in which the paper is dipped simultaneously into both the aqueous and 
the nonaqueous phases of the buffered solvent system, one layered over the 
other. The separations obtained may result from a combination of effects, as 
Allouf & Macheboeuf (83) have pointed out. Two solvent fronts are ob- 
served with such systems, the aqueous and nonaqueous phases rising at dif- 
ferent rates. 

Resolution of racemic compounds on paper chromatograms has been ob- 
served by two groups of workers. Bonino & Carassiti (84) resolved dl-1(2- 
hydroxy)naphthylbenzylamine on phenol-treated paper using aqueous d- 
tartaric acid as a mobile phase. Kotake et al. (14) have obtained partial or 
complete resolution of pDiL-glutamic acid, DL-tyrosine, and DL-tyrosine-3- 
sulfonic acid on paper strips with solvents containing /-methyl(8-phenyliso- 
propyl)amine. The tyrosine sulfonic acid was also resolvable using optically 
inactive butanol-acetic acid solvents. 

Solvents other than water have been successfully held by paper in the 
methods of Burton, Zaffaroni & Keutmann (85) for the separation of cortico- 
steroids. Using mutually saturated formamide and benzene, or propylene 
glycol and toluene, the paper was soaked in the nonvolatile stationary phase 
and pressed free of excess liquid before running the chromatogram with the 
benzene or toluene phase as the mobile solvent. Constant Rr values are more 
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difficult to obtain under these conditions for the reason that the quantity of 
the nonvolatile stationary phase is a function of the amount of solvent re- 
maining in the paper at the end of the dipping and pressing process. 

When Ry values are too low, they can generally be increased by using a 
solvent of higher water content. In the case of organic bases, Rr values can 
also be increased by the addition of organic acids, as in the chromatography 
of streptomycins with butanol-water containing p-toluenesulfonic acid 
[Peterson & Reineke (86)]. The addition of organic amines to the solvent 
could be used to produce a similar effect in the chromatography of acidic 
compounds, in line with the observations of Craig (12) on liquid-liquid dis- 
tribution systems. 

There have been a number of exploratory experiments on the conversion 
of paper to a hydrophobic sorbent in order to obtain satisfactory Rp values 
with many types of predominantly nonpolar organic compounds. Boldingh 
(87) impregnated paper with rubber latex for studies with the esters of fatty 
acids. Winteringham, Harrison & Bridges (88) have soaked paper in an 
ether solution of vaseline for chromatography of 1,1,1-trichloro-2,2-bis 
(p-chlorophenyl)-ethane (DDT) derivatives. Késtit & Slavik (89) separated 
dinitrophenylhydrazones on partially acetylated paper, the resulting cellu- 
lose acetate being capable of holding chloroform or octanol; aqueous ethanol 
or petroleum ether was employed as the mobile phase. D. Kritchevsky & 
Calvin (90) have separated cholesterol and cholestenone on stearoylated cel- 
lulose. T. H. Kritchevsky & Tiselius (91) have impregnated paper by draw- 
ing it through a cyclohexane solution of a silicone polymer. The resulting 
paper possessed an affinity for chloroform vapors and was used for chroma- 
tography of the less polar steroids. The polar phase of a water-ethanol-chloro- 
form mixture was used as the solvent for development. The absolute Rr 
values varied with the amount of polymer applied to the paper, but repro- 
ducible relative Rp values were obtained. 

Solutes of high molecular weight——There have been a number of attempts 
to develop satisfactory methods for the chromatography of proteins on 
paper. Solutes of high molecular weight, such as proteins or nucleic acids, 
present special problems not encountered in the chromatography of simpler 
organic compounds. The migration of a substance as a discrete spot on paper 
depends upon the repeated sorption and elution of the compound from the 
paper, the rate of movement of the spot, of course, being a function of the 
distribution coefficient of the solute between the liquid and the paper phases. 
In order to obtain efficient separations employing the usual techniques of 
paper chromatography, it is necessary for proteins to possess finite distri- 
bution coefficients corresponding to Rr values in the range 0.2 to 0.7. Most 
proteins, even if not denatured in the process, tend either to be very strongly 
held by paper or not to be taken up at all—to give Rp values near to 0 or 1. 
Wynn & Rogers (92) have noted, for example, that several albumins and 
globulins have Rr values of 0 in collidine and 1 in phenol. In the experiments 





ray 


tai 
po 
se} 
va 
th 


no 


re- 


ya 
an 
hy 
cid 
nt 
dic 


jis- 


on 
1es 
gh 
ty 
an 
bis 
ed 
lu- 
101 

& 
el- 


rO- 





CHROMATOGRAPHY 529 


of Papastamatis & Wilkinson (93) the plasma proteins tended to remain at 
the origin or to migrate near the solvent front when aqueous buffers and 
salt solutions were used as eluants. Williams & Smith (52) have demon- 
strated, with a radioactively labeled antigen, that serum albumin moves 
rapidly under conditions where the antigen-antibody complex remains near 
the origin. Although separations of markedly dissimilar proteins can be ob- 
tained, such procedures lack the resolving power for closely related com- 
pounds that paper chromatography has demonstrated when applied to the 
separation of low molecular weight substances posesssing intermediate Rr 
values. It is for this reason that Fels & Tiselius (94) have pointed out that 
the single, rapidly moving zone frequently obtained with large peptides is 
not evidence of homogeneity [cf. (95)]. 

The difficulties attending the chromatography of proteins on paper, and 
on other adsorbents as well, are a result of the size and instability of most 
protein molecules. With liquid-gel systems such as paper, diffusion of the 
large molecules through the gel network is unlikely, and sorption will prob- 
ably occur primarily on the surface. A large surface area is necessary, there- 
fore, if the chromatogram is to have a workable capacity. Furthermore, satis- 
factory chromatography requires a system that will permit fragile protein 
molecules to pass reversibly and without change between the mobile and the 
nonmobile phases. Despite the difficulties, however, there are several experi- 
ments which seem to indicate that some proteins, at least, may be induced 
to travel at intermediate rates on paper. Under the stimulus of the concept 
of salting out adsorption [Tiselius (96, 97)]. Simonart & Chow (98, 99) used 
30 per cent saturated ammonium sulfate as a solvent to obtain fairly well 
resolved spots of an amylase and a proteinase from Aspergillus tamarii. When 
the same solvent was employed with columns of starch, a promising elution 
curve was obtained which revealed separate peaks for the two enzymes. The 
separation of amylase may represent a special case in view of the affinity of 
the enzyme for its substrate, a property which has been utilized frequently 
in experiments of a batchwise type. Giri & Prasad (100, 101) separated amy- 
lase from trypsin on paper using 50 per cent aqueous acetone containing 
1.5 per cent sodium chloride. Reid (102) separated a pectin-esterase from a 
polygalacturonase using buffered salt solutions for development. Franklin & 
Quastel (103) have obtained a centrally located zone with urease, using a 
glycine-cysteine solution as solvent. Attempts to elucidate the mechanism 
of these separations would be helped if the enzymes were put back on the 
paper or starch a second time in order to see whether they reappear at the 
same place on rechromatography. For example, when Mitchell, Gordon & 
Haskins (104) rechromatographed enzymes which had been separated on 
columns of paper disks, they were able to demonstrate that displacement or 
competition effects were playing a role in the initial separations. As Reid 
(102) has noted, the movement of proteins on paper may also be influenced 
by the pH and salt gradients produced along the paper strip when concen- 
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trated salt solutions are employed as eluants. If desired, gradients could 
probably be eliminated by the proper addition of salts to the paper prior to 
chromatography. In the experiments of Mitchell e¢ al. (104), however, a 
gradually changing salt concentration in the inflowing solvent was employed 
with the specific aim of utilizing the gradient effect. Although the mech- 
anisms are not yet fully clear, there are sufficient promising results on the 
chromatography of proteins on paper to merit continued investigation of 
the nature and utility of the process. 

Franklin et al. (103, 105) have described a technique for obtaining pat- 
terns from proteins by observing the movement of their hemin complexes 
on papers developed with aqueous solutions of salts and buffers. Upon paint- 
ing the paper with an alcoholic solution of benzidine and hydrogen peroxide, 
the final positions of the complexes were revealed as a series of streaks. In 
the application of a two-dimensional modification of the technique to blood 
plasmas, the authors recommend the addition of a detergent such as Tween- 
81 to the plasma-hemin sample, and the use of solutions of sucrose and so- 
dium potassium tartrate as solvents. It was originally stated (103) that in- 
dividual proteins were separated under the experimental conditions em- 
ployed, but the authors (105) now admit that the streaks obtained from 
plasma do not represent separate protein species. They consider that the 
proteins of the plasma compete in the formation of protein-hemin and pro- 
tein-detergent complexes, the migration of which depends upon the relative 
affinities of the complexes for the paper. Hall & Wewalka (106) have empha- 
sized that physical factors are involved and that the various complexes may 
be subject to differential extraction from the spots cn the paper, thus giving 
rise to a multiplicity of streaks. As Franklin et al. (105) have stated, the 
method is still in an exploratory stage. It remains to be demonstrated whether 
or not the results obtained by the procedure have fundamental or empirical 
value. 

Quantitative paper chromatography.—Paper chromatography has found 
its widest use as a method of qualitative analysis. The quantitative potenti- 
alities of the method have been realized in a number of procedures in which 
the appropriate sections of the paper are cut out and the compounds washed 
from the paper for determination by spectrophotometry or microtitration. 
Recoveries of 100+5 per cent, or better, have been obtained with purines 
and pyrimidines [cf. (107)], which can be located without destruction by 
viewing the paper under ultraviolet light. Good precision has also been se- 
cured when a color reaction that does not cause destruction of the compounds 
is used to detect the spots, as in the phosphate analyses of Hanes & Isher- 
wood (15), the determination of the hydroxamic acid derivatives of penicil- 
lins by Baker, Dobson & Martin (77), and analyses for inorganic ions (69). 
With carbohydrates, quantitative recoveries have been obtained by running 
duplicate strips, developing one by a color reaction, and cutting the second, 
by reference, for elution and titration jcf. (1, 108)]. 
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Quantitative recoveries of amino acids have been more difficult to se- 
cure, but several fundamental studies dealing with this problem have ap- 
peared within the past two years. More experience with these methods will 
be needed, however, before they can be fully assessed. The importance of 
using low drying temperatures in order to avoid destruction of amino acids 
on paper chromatograms, particularly in the presence of phenolic solvents, 
has been demonstrated by Fowden & Penney (109), Brush e¢ al. (110), and 
Novellie (111). When amino acids are eluted from paper for subsequent de- 
termination by the stannous chloride-containing ninhydrin reagent of Moore 
& Stein, the ammonia content of the paper is frequently sufficient to cause 
high blank readings to be obtained. Boissonnas (112) succeeded in reducing 
the blank by spraying the paper with alcoholic KOH and warming it for a 
few minutes before cutting out the spots for analysis. Fowden (113) has 
added 0.1 N NaOH to the individual paper segments and placed them in a 
vacuum desiccator overnight. Novellie (111) recommends extracting the 
paper with hot 0.1 N NaOH prior to chromatography. In illustrative ex- 
periments, Fowden (113) has obtained recoveries of 92 to 102 per cent for 
ten amino acids. The spots are located by fluorescence after brief heating of 
the ether-washed papers. The amino acids have not given equally good re- 
coveries, and further studies employing solvent systems of different resolving 
power are required. In the method of Boissonnas (112), the amino acids are 
located without significant decomposition prior to elution by the application 
of minute, evenly spaced dots of a ninhydrin solution delivered to the paper 
sheet by means of a multipointed metal stamp. Boissonnas has also studied 
solvent combinations which may be generally useful for two-dimensional 
chromatography. From the preliminary data, the method would appear to 
be capable of recoveries similar to those observed by Fowden. 

Thompson, Zacharius & Steward (56) have explored the possibility of 
using a ninhydrin solution not containing a reducing agent and developing 
the color on the paper under anaerobic conditions. The spots are cut out 
and the blue color eluted for spectrophotometric measurement. This tech- 
nique, in principle, has a number of advantages. It is readily applicable to 
two-dimensional paper chromatography, and ammonia does not interfere. 
By careful control of the conditions, a high degree of reproducibility has 
been attained for the ninhydrin color yields from individual pure amino acids 
added to paper (without chromatography). When actual chromatograms 
were studied, however, complete recovery of amino acids was not observed. 
Thompson & Steward (114) report that the losses which occur, as much as 
10 to 20 per cent, are apparently associated with the distance the spot 
travels across the paper. The reasons for the difference between this result 
and the higher recoveries obtained by Fowden remain to be determined. 
Wider experience with these methods under varying laboratory conditions 
is required before it can be predicted to what extent variations in the purity 
(presence of trace metals) and nature of the paper and of the solvents can 
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influence the reproducibility of the results. From the knowledge that other 
types of compounds can be completely recovered from paper, and that amino 
acid mixtures can be analyzed on starch columns without loss, there is every 
reason to believe that paper chromatography can be made quantitative for 
amino acids. 

The most direct procedure for analyzing paper chromatograms is, of 
course, measurement of the density or the area of spots on the paper strip 
or sheet, with no elution being required. The simplicity and the potential 
utility of quantitative spot analysis have led to the development of several 
types of densitometers for scanning paper strips and paper sheets (10, 39, 
43, 115, 116, 117). The variables encountered in the application of this ap- 
proach have been studied for the amino acids by Block (34, 116) and for the 
sugars by McFarren, Brand & Rutkowski (118). The use of controls in the 
measurement of the area of the spots has been studied by Beerstecher (119) 
in a method for potassium. One limitation of methods which employ photo- 
metric measurements on the paper itself is that color reactions carried out 
on paper, unless very carefully controlled (56), usually give day to day varia- 
tions and hence require the continual use of control chromatograms with 
standard solutions for colorimetric comparison. For either reflectance or 
transmission measurements, the inhomogeneity of paper makes it difficult 
to secure results comparable in precision to those obtainable by spectro- 
photometry in glass or quartz cells. The accuracy achieved so far by photom- 
etry on the paper itself has not been as high as that attainable by elution 
but the technique is proving useful for rapid approximate analyses, and isa 
practical field for further research. 

The retentiometric method of Wieland and associates has been applied 
to amino acids (120) and hydroxyacids (121). One-dimensional chromato- 
grams have been analyzed with an error of about +10 per cent by meas- 
urement of the area of retention of copper acetate from a solution run across 
the strips at right angles to the original direction of flow. 

Paper chromatograms have been used to good advantage in the applica- 
tions of the quantitative isotopic derivative method of analysis for amino 
acids by Keston, Udenfriend & Levy (122) and Udenfriend & Velick(123). 


CoLuMN CHROMATOGRAPHY 


From paper chromatograms, or from columns in which the development 
is stopped before the solutes emerge from the bottom, compounds can be iso- 
lated by cutting the paper or column into sections. When elution techniques 
are employed there is need for some means of dividing the effluent from the 
column into serial fractions. A number of different types of fraction collectors 
for column chromatography have been described [cf. (1)]. There is still room, 
however, for additional inexpensive designs which combine simplicity with 
accurate and trouble-free performance. When a satisfactorily constant rate 
of flow can be maintained through the column, turntables operated by timers 
have proved convenient, as in the experiments of Hough, Jones & Wadman 
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(124), Schroeder, Kay & Wells (125), Ottesen & Villee (126), and Hirs et al. 
(127). Instruments which deliver fractions of a given volume, independent 
of the rate of flow, have been designed on several principles. James, Martin & 
Randall (128) have used a siphon together with a mechanical escapement 
for moving the turntable. Siphons coupled with electrical means for moving 
the receivers have been designed by Gilson (129), Desreux (130), Grant & 
Stitch (131), and Harris (132), and are well adapted to preparative scale 
chromatography. Desreux (130) has also described an apparatus for gradu- 
ally changing the composition of the solvent during an experiment, by de- 
livering the components of the solvent mixture from cone-shaped reservoirs. 
A collector based on an electrically operated glass valve has been designed 
by Fischer & Wieland (133). For analytical work requiring small accurate 
fractions, photoelectric drop-counters continue to be useful (134). In an 
English-made commercial model, samples are collected on a weight basis, in 
calibrated tubes of constant weight. 

The design and construction of the interferometric adsorption analysis 
apparatus of Tiselius & Claesson (134a) have been studied by Holman & 
Hagdahl (135). Methods for extending the range of interferometric measure- 
ments have been discussed by Holman (136). Plastic, instead of stainless 
steel, filters are recommended by Hall (137) for use with acidic solutions. 
Holman et al. (138, 139, 140) have developed procedures for the separation 
of saturated and unsaturated fatty acids (C; to Cx.) by the displacement 
analysis technique on charcoal columns. 

Tiselius & Hagdahl (141) have introduced the new technique of carrier 
displacement. In the original displacement development method of Tiselius 
& Claesson, the components of a mixture emerge, in the order of their ad- 
sorbabilities, as zones in immediate contact with one another. By adding a 
number of known, preferably volatile, substances of intermediate adsorba- 
bility (‘‘carriers’’) to the mixture to be fractionated, it is possible to obtain a 
series of effluent fractions in which the desired constituents appear in zones 
separated from one another by regions containing the added carriers. For ex- 
ample, alcohols were used as carriers for the separation of amino acids and pep- 
tides on charcoal columns in the experiments of Tiselius & Hagdahl. The mod- 
ification also permits small amounts of solutes to be separated, since the 
compounds are concentrated in narrow zones at the carrier interfaces. The 
methyl esters of the fatty acids have been used by Holman (142, 143) as 
carriers for the analysis of mixtures of the fatty acids themselves. The neces- 
sity for finding suitable carrier systems may limit the usefulness of this ap- 
proach when dealing with unknown mixtures containing a variety of con- 
stituents. 

The serial elution of mono-, di-, and trisaccharides from charcoal by in- 
creasing concentrations of ethanol has proved effective in the procedure of 
Whistler & Durso (144). Rapport, Meyer & Linker (145, 146, 147) have ap- 
plied and extended the method in studies on hydrolysates of hyaluronic acid. 
Durso et al. (148) constructed an automatic solvent changer and collector, 
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based upon photoelectrically operated solenoid valves, for performing the 
carbohydrate separations on a preparative scale. 

Schroeder et al. (149) and Trueblood & Malmberg (150, 151) have in- 
vestigated the adsorption chromatography of nitroanilines on silica. As a 
result of a study of the preparation, operation, and capacity of the columns, 
it was possible to obtain linear isotherms, symmetrical zones, and good plate 
efficiency. 

Miller & Kirchner (152) have described a new form of adsorption column 
and applied it to the separation of terpenes. Silica or alumina is incorporated 
in a matrix of calcium sulfate hemihydrate (plaster of Paris) to give a rigid 
self-supporting column which can be handled much like a paper chromato- 
gram. This bar of adsorbent, with a glass rod down the center to give it 
added strength, but without any enclosing glass tube, is dipped into an or- 
ganic solvent such as petroleum ether and developed by capillary ascent. 
The absence of a glass tube facilitates the examination and photography of 
the column under ultraviolet illumination. Brockmann & Beyer (153), in 
continuing their studies on the use of fluorescent adsorbents, have designed 
a monochromator for the observation of columns under ultraviolet illumina- 
tion. A photoelectric device for scanning columns under ultraviolet light has 
been described by Sease (154). 

Chromatography on columns of adsorbents has frequently been used for 
the purification of enzymes. Zechmeister & Rohdewald (155) have recently 
reviewed the literature on the subject. Many of the early attempts to chro- 
matograph enzymes were essentially adaptations of batchwise adsorption 
processes to a column procedure. The protein was strongly adsorbed at one 
pH or salt concentration (Rp of 0), and eluted at the solvent front at another 
pH or salt concentration (Rp of 1). By utilizing a column, instead of a batch 
procedure, the efficiency of the separation is increased somewhat, partly by 
displacement effects on the column, and partly because impurities possessing 
intermediate Rp values are removed by elution. Although, as has been noted 
before, high resolving power is not achieved under such conditions, many 
separations are effected, and the process has repeatedly yielded practical 
purifications in enzyme chemistry. Recently, Riley (156) has succeeded in 
obtaining a several-fold purification of the virus-like agent of chicken tumor 
I (Rous sarcoma) by salting out adsorption on Celite. There is no evidence 
from the zoning phenomena described, however, that the virus itself pos- 
sesses a constant rate of migration on the column or is behaving as a solute 
in a chromatographic separation of potentially. high efficiency. 

Cellulose, starch, and silica gel columns.—The fact that it is frequently 
possible to transfer experience gained with paper strips to separations on a 
column scale has led to a number of uses for columns packed with powdered 
cellulose. The recent experiments of Synge (157) and of Peterson & Reineke 
(158) on the isolation of amino acids are examples. The resolving power has 
not been as high as that attainable with starch (95, 157), perhaps because of 
looser packing of the cellulose. Hough, Jones & Wadman (53), in the course 
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of the development of methods for the separation of sugars, have found that 
improved performance is obtained when commercial cellulose powder 
slurried in acetone is used in preparing the columns. The use of columns pre- 
pared from stacks of circular filter papers, in the technique of Mitchell, 
Gordon & Haskins (104), facilitates the location of zones within the column. 
Difficulty has been encountered, however, in obtaining even flow of solvent 
through the column of disks (47). Zechmeister (159) has suggested that 
papers cut to give a close fit in a glass tube may give better results. Starch 
columns have continued to be used for the quantitative determination of the 
amino acid composition of proteins and peptides [cf. (160)]. The need for 
temperature control in order to effect the separation of tyrosine from valine 
has been noted by Schroeder, Kay & Wells (125). Daly, Allfrey & Mirsky 
(161) have employed starch columns for the quantitative analysis of mix- 
tures of purines and pyrimidines. A number of modifications of the original 
procedures employing silica gel columns (1) have been found useful for the 
separation of a variety of organic acids (162, 163, 164). 

Kieselguhr as a support for a stationary phase—As has been mentioned 
previously, columns using kieselguhr as a support for the nonmobile phase 
have furnished the clearest examples of liquid-liquid chromatograms. Such 
columns were first used by Peterson & Johnson (165) and Higuchi & Peterson 
(166) for the separation of penicillins and by Bell & associates (167) in their 
work with the polymyxins. For the separation of the Ci: to Cis fatty acids 
Howard & Martin (19) have used kieselguhr treated with dichlorodimethy] 
silane to hold the less polar phase of a liquid paraffin-aqueous methanol sol- 
vent system. To each gram of kieselguhr a little less than an equal weight of 
the paraffin phase was added. For the preparation of the column, the mixture 
was slurried in the more polar phase and the column packed with the aid of 
a perforated steel plunger. The resulting columns are much more sensitive to 
temperature changes than are liquid-gel chromatograms. Annison, James & 
Morgan (168) have used the kieselguhr technique, without the silane treat- 
ment, for the separation of the dinitropheny! derivatives of amino sugars. 
Employing Howard & Martin’s packing procedure, Butt et al. (169) have 
developed a method for the determination of progesterone in blood using 
aqueous methanol saturated with n-hexane as the nonmobile phase. Quite 
close agreement was obtained for the distribution coefficients of three keto- 
steroids measured by liquid-liquid distribution, and calculated from the col- 
umn data, on the assumption that all the liquid added to the kieselguhr is 
functional. There is no evidence to indicate that this system is not function- 
ing as a liquid-liquid chromatogram, and it would appear, therefore, that, 
in the case of the sterols tested, kieselguhr is behaving as an inert support for 
the nonmobile phase. Kieselguhr may prove not to be similarly inert, how- 
ever, toward many more polar or more aromatic compounds. Indeed, in the 
experiments of Chilton & M. W. Partridge (170), kieselguhr was found to 
adsorb some alkaloids very strongly. To avoid this interference they tried 
substituting powdered glass to hold polar and nonpolar solvents (171). 
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In one of the most successful experiments on the chromatographic sepa- 
ration of proteins, Martin & Porter (172) have extended the kieselguhr tech- 
nique to the purification of ribonuclease. An aqueous (NH,)2SO,:ethylene 
glycol monoethyl ether (Cellosolve) solvent system was employed, with the 
Cellosolve layer furnishing the nonmobile phase. The effluent curve obtained 
after chromatography of a preparation of crystalline ribonuclease revealed 
the unexpected presence of two enzymatically active components [cf. Hirs 
et al. (173)]. Additional experiments demonstrated that two enzymes prob- 
ably exist in ox pancreas. In considering the mechanism by which the sepa- 
rations occur, Martin & Porter point out that, although the efficiency of the 
chromatogram is of the same order as that attained with low molecular 
weight solutes on similar columns, the rate of movement of the zones is much 
slower than would be predicted on the basis of liquid-liquid distribution 
theory. Since kieselguhr alone does not adsorb ribonuclease, the authors con- 
clude that adsorption at the liquid-liquid interfaces in the column must be 
playing a role in the separation process. The technique of Martin & Porter, 
although it is considered to be limited to the chromatographic purification 
of relatively stable proteins, will undoubtedly stimulate much further study. 

Hydrophobic gels—The effectiveness of liquid-gel chromatography on 
cellulose and starch for the separation of polar compounds has led to studies 
on the use of hydrophobic gels for the chromatography of compounds which 
tend to distribute themselves in favor of organic solvents. Boldingh (87) em- 
ployed columns of vulcanized powdered Hevea rubber swollen with ben- 
zene to separate fatty acids in the range from Cx to Cis. The mobile solvents 
were benzene-saturated mixtures of methanol and acetone containing vary- 
ing amounts of water. Quantitative recoveries and fairly sharp symmetrical 
peaks were obtained. 

The use of synthetic polymers in powdered form affords an excellent pos- 
sibility of extending the scope of liquid-gel chromatography. There are 
many elastomers available which possess a sufficiently low degree of cross- 
linking to swell appreciably in the presence of various types of organic sol- 
vents. Boldingh has shown that vulcanized isoprene and butadiene polymers 
have an affinity for hydrocarbon solvents and has suggested that chloro- 
prene, silicone, and polyvinylchloride rubbers may also be employed. One 
might also consider low crosslinked polystyrene and polyvinyl alcohol resins 
which could be expected to have special affinities for aromatic and alcoholic 
solvents, respectively. 

Water-miscible solvents can be used with hydrophobic gels, just as they 
have been with starch and cellulose. When starch is exposed to alcohol-water 
mixtures, water is preferentially taken up to yield a water-rich gel as the 
stationary phase. With synthetic organic polymers, the less polar solvent 
would be taken up by the elastomers, thus forming an alcohol-rich gel. 
Boldingh has pointed out that rubber columns may be employed successfully 
with alcohol-water mixtures without the addition of benzene to the system. 
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In preliminary experiments with sterols, Nyc et al. (174) have adapted 
the technique of Boldingh to the quantitative separation of estriol, estradiol, 
and estrone. S. M. Partridge & Swain (175) have found that some of the 
dinitrophenyl amino acids may be chromatographed on columns of chlorin- 
ated rubber swollen with butanol, employing aqueous buffers as the mobile 
phase. 

Ion exchange resins —The availability of synthetic organic ion exchange 
polymers (176, 177) has stimulated the development of a number of new 
chromatographic procedures. In a recent review Boyd (178) has discussed 
the properties of ion exchange resins, with particular reference to the separa- 
tions which have been achieved in the field of inorganic chemistry. The chro- 
matography of organic acids and bases on ion exchange resins has been the 
subject of a number of studies [cf. Cannan (179); Cassidy (2); Block (176); 
Kunin & Myers (177); and Davies (180)]. 

The fundamental work of Cohn and his associates (181, 182, 183) has 
shown that purines and pyrimidines can be chromatographed efficiently on 
the acid form of sulfonated polystyrene (Dowex-50) with 2 N HCl as eluant, 
or on a quaternary ammonium base (Dowex-1 or 2) at about pH 10 with 
NH,OH-NH,CI buffers. Acidic compounds, such as the nucleotides, may be 
separated readily on basic resins by elution with dilute acids (HCI, formic, or 
acetic) or with acidic buffers (ammonium formate or acetate of pH 3 to 5). 
The effluent may be passed through a spectrophotometer modified to give 
a continuous recording of the optical density (183). The methods of Cohn 
have been used on a micro scale for quantitative analyses and have been 
scaled up to permit the isolation of pure samples of the various components 
of a mixture. 

A method for the determination of amino acids on ion exchage columns, 
employing the sodium form of Dowex-50, has been developed by Moore & 
Stein (134). By elution of the amino acids from a column 100 cm. in length 
with aqueous buffers in the range from pH 3 to 11, it has been possible to ob- 
tain an effluent curve on which each of the seventeen most common amino 
acids appears as a separate peak. Recoveries from the 100-cm. columns are 
quantitative (100+3 per cent), except for the basic amino acids, for which 
complete recoveries are obtained on a 15-cm. column operated at pH values 
below 7. Compared with columns of starch (95), the ion exchange columns 
have higher resolving power and greater capacity. The performance of the 
ion exchangers is not adversely affected by the presence of inorganic salts, 
a property which is important in the analysis of blood plasma and urine 
(134, 184). Hirs et al. (127) have employed the ammonium form of Dowex-50 
with volatile ammonium formate and ammonium acetate buffers as eluants 
in a procedure for the isolation of analytically pure samples of amino acids 
from 2 to 5 gm. quantities of a protein hydrolystae. Elution cf amino acids 
can also be performed from the acid form of Dowex-50 with 1 N to 4 N HCl 
(95). The effluent curve secured under these conditions is similar in many 
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respects to the one obtained with buffers. The amino acids can be isolated 
readily from the effluent (185, 186). 

Partridge and his associates have extended their studies, begun in 1949, 
on the displacement development of amino acids on ion exchange columns 
(187 to 191). A systematic procedure for isolating nearly all of the common 
amino acids has been worked out, based upon displacement from strongly 
acidic resins by NH,OH and from basic resins by HCl. The amino acid com- 
position of the effluent fractions is followed by paper chromatography. The 
method is being used for the isolation of amino acids and related compounds 
from a wide variety of natural products [e.g. (192, 193, 194)]. Compared 
with the elution procedures for amino acids, the displacement method has 
the advantage of much higher capacity; elution analysis is preferable in 
those cases where its inherently higher resolving power is advantageous. 

The successful separation of organic compounds attained on ion exchange 
columns cannot be ascribed solely to differences in the ionic natures of the 
solutes. The resolving power has been found to depend upon several funda- 
mental factors which are related to the gel-like nature of the resin particle. 
In the case of Dowex-50 [Bauman (176)], the gel phase contains a sulfonated 
polystyrene network. The nonmobile phase of the liquid-gel chromatogram 
possesses some of the properties of a strong solution of a sulfonic acid, or its 
sodium salt. The gel also possesses some of the properties of the polystyrene 
backbone, which contributes about half of the weight of the hydrated gran- 
ule and gives to the gel phase some of the characteristics of an organic sol- 
vent. The rate of movement of a substance on the column is a result of the 
affinity of the resin for both the ionic and the non-ionic portions of the mole- 
cule (134, 180, 182, 191). Thus glycine, alanine, valine, and leucine, amino 
acids of identical charge, are fully separated on Dowex-50 by virtue of the 
greater affinity of the resin for the longer aliphatic side chains. The use of an 
alcohol-water mixture as the mobile phase, instead of water alone, tends to 
reverse this effect (134). 

The high capacity of the resin and the rapid rate at which equilibrium is 
attained are both dependent upon the ability of solutes to diffuse into the 
interior of the resin particle, and hence are a function of the degree of cross- 
linking in the polymer. In a sulfonated polystyrene polymer, the extent of 
crosslinking depends upon the ratio of divinyl benzene to styrene used in the 
synthesis of the resin. Dowex-50 usually is prepared employing about 10 per 
cent divinyl benzene, and the resulting gel-like particles have a molecular 
structure the holes or pores of which are characteristic of 10 per cent cross- 
linking. If a tetrapeptide (molecular weight 350 to 400) is chromatographed 
on this resin, unsatisfactorily broad peaks are obtained. When special 
Dowex-50 preparations with only 2 or 4 per cent crosslinking are employed, 
the pores presumably permit freer diffusion of the tetrapeptide, and sharp, 
symmetrical peaks are obtained (134). The studies of Dowmont & Fruton 
(195) have demonstrated the suitability of 4 per cent crosslinked Dowex-50 
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for the separation of a variety of peptides. In general, it is preferable to use 
a resin with the highest degree of crosslinking compatible with the size of the 
solutes to be separated. Partridge, Brimley & Pepper (189, 196) have found 
5 per cent crosslinking to be superior to 10 per cent in the displacement de- 
velopment method for amino acids. 

The use of fine mesh resins aids in the rapid attainment of equilibrium. 
For most purposes, 250 to 500 mesh material is used. Higher temperatures 
also accelerate the rate of exchange, thus permitting faster flow rates to be 
employed. In addition, changes of temperature can alter the relative affini- 
ties of solutes for the resin phase. Advantage has been taken of the tempera- 
ture variable to effect separations of specific amino acids in the procedures 
of Partridge & Brimley (190) and Moore & Stein (134). With a strongly 
acidic resin, such as a sulfonated polystyrene, the rate of ion exchange is suf- 
ficiently rapid to permit satisfactory chromatography with the hydrogen, 
sodium, or ammonium form of the resin. Weakly acidic or basic resins, on 
the other hand, cannot be used in the free acid or base forms for efficient 
chromatography. Equilibrium is attained far too slowly. Good chromato- 
graphic results are secured, however, when a carboxylic acid resin (Amber- 
lite IRC-50) is used in the sodium form (173), and when a weak base resin 
(Amberlite IR-4B), is employed as the acetate (127). 

An interesting example of the application of ion exchange resins to the 
separation of carbohydrates is afforded by the experiments of Khym & Zill 
(197), who have been able to separate the borate complexes of monosac- 
charides by chromatography on Dowex-1. 

Chromatography of proteins on ion exchange resins.—One of the most in- 
teresting developments in the use of the synthetic resins has stemmed from 
the observation that some proteins can be chromatographed successfully on 
ion exchange columns. Since the molecular size of the solutes is too great to 
permit diffusion into the standard resins, sorption occurs only on the surface 
of the particles. For this reason, finely powdered resin preparations have been 
used. 

Paléus & Neilands (198) employed columns of the ammonium salt of 
IRC-50, buffered with NHs,OH-NH,OAc, for the chromatography of cyto- 
chrome-c. Below pH 9 cytochrome-c was strongly bound, but could be 
eluted by raising the pH to 9 or 10, under which conditions the preparation 
was separated into four fractions: a rapidly moving one containing no heme; 
reduced cytochrome; oxidized cytochrome; and a fourth more stongly bound 
fraction. 

Hirs, Stein & Moore (173) have utilized the sodium salt of IRC-50 for 
the chromatography of crystalline ribonuclease. Prior to the chromatogra- 
phic study, exploratory test-tube experiments (199) were undertaken to de- 
termine the distribution coefficients of proteins between aqueous buffers 
and a number of adsorbents such as alumina, silica, cellulose, and several 
acidic and basic ion exchange resins. Only in the case of IRC-50 were there 
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obtained finite, reversible distribution coefficients, which might provide a 
sound basis for chromatography. A column experiment with ribonuclease, 
employing a pH 6.45 phosphate buffer as eluant, yielded an elution curve 
comparable in sharpness to that obtained with amino acids, thus realizing 
the promise of the distribution experiments. The effluent curve showed two 
active peaks, which together accounted for all of the protein and all of the 
activity added to the column. This finding is in accord with the observations 
of Martin & Porter (172) referred to previously. Lysozyme also gave a suit- 
able distribution coefficient in test tube experiments, and was chromato- 
graphed successfully at pH 7.2. Two enzymatically active peaks were also 
obtained in this case. As a result of the chromatographic examination of ly- 
sozymes prepared by various procedures, and from the chromatography of 
whole egg white, Tallan & Stein (200) have concluded that only one chro- 
matographically distinct enzyme occurs in the natural product prior to the 
application of chemical fractionation procedures. It would appear that col- 
umns of IRC-50 have sufficiently high capacity to be employed for the frac- 
tionation of whole tissue extracts without the efficiency of the chromatogra- 
phic separation being impaired. Retardation on IRC-50 at pH 6.5 to 7 has 
been observed so far only for proteins with isoelectric points in the basic 
range. 

Dixon et al. (201) have employed buffered columns of IRC-50 for the 

fractionation of adrenocorticotropic hormone preparations. The ascorbic 
acid-depleting factor was effectively separated from the major quantities of 
accompanying proteins. 
_ Optimism arising from the results with IRC-50 should be tempered by 
the realization that successful chromatography on ion exchange resins has 
only been achieved with markedly atypical, unusually stable basic proteins 
of low molecular weight which, in many ways, resemble peptides more than 
they do proteins. There is no evidence as yet that comparable results can 
be obtained with more typical proteins, such as the serum albumins or globu- 
lins. There are insufficient data at hand to evaluate the feasibility of frontal 
analysis of proteins on Dowex-50, as reported by Sober, Kegeles & Gutter 
(202). 

Gas-liquid chromatography.—Chromatography in which the mobile phase 
is a gas and the stationary phase a liquid has been developed by James & 
Martin (203) into a rapid and effective method for the separation of volatile 
acids. In the operation of the method, the chromatograph tubes are packed 
with a mixture of kieselguhr and a high boiling silicone fluid, DC 550, con- 
taining 10 per cent stearic acid. A steady stream of nitrogen passing through 
the tube furnishes the mobile phase. The effluent gas enters a titration cell 
and the acidity is continuously titrated and automatically recorded. Fairly 
symmetrical peaks are obtained and the resolving power is of a high order, 
as evidenced by the complete separation of the four isomers of valeric acid. 
For acids in the formic-valeric acid range, the chromatograph tube (120X 
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0.4 cm.) is thermostated at 100°C. and the analysis is complete in about an 
hour. Acids in the valeric-lauric acid range require a temperature of 137°C. 
and several hours per analysis. 

Theoretically, the method can be applied te any substance which can be 
distilled under a few millimeters of pressure. Its usefulness in the fatty acid 
series covers the molecular weight range C; to Cy. The authors are extending 
the technique to the separation of organic bases. 
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Our understanding of the basic mechanisms involved in the generation, 
utilization, and transfer of chemical energy in carbohydrate metabolism has 
been furthered during the past year through (a) extension of the concept of 
transglucosidation, i.e., synthesis or breakdown of oligo- and polysaccharides 
by exchange of glucosidic bonds, and the development of the concept of 
transacylation, i.e., energy transfer through exchange of acyl groups; (b) ad- 
vances in the knowledge of the mechanism of oxidation of carbohydrate and 
other foodstuffs through the citric acid cycle and of the coupling of phos- 
phorylation with oxidation; and (c) study of the coupling of carbon dioxide 
fixation and phosphorylation reactions with the photochemical reduction of 
pyridine nucleotides by chloroplasts. A novel mechanism of hormonal control 
of carbohydrate metabolism has been disclosed by the finding that certain 
hormones control the balance between active and inactive forms of an en- 
zyme in the cell, rather than the rate of the reaction catalyzed by the enzyme. 


SYNTHESIS AND BREAKDOWN OF GLUCOSIDIC BonDs 


Phosphorylase—Extensive purification of liver phosphorylase has been 
reported by Sutherland (1). Use was made of the facts that adenylic acid 
protects this enzyme from denaturation and fluoride inhibits an enzyme in 
liver which destroys phosphorylase. Like crystalline muscle phosphorylase, 
the purified liver enzyme formed amylose from glucose-1-phosphate and was 
therefore free of the “branching” enzyme which is present in crude prepara- 
tions. Posternak (2) obtained phosphohexaose and phosphotetraose by the 
action of a-amylase on potato starch; both products yielded glucose-6-phos- 
phate on acid hydrolysis and were shown to contain only a-1,4-glucosidic 
linkages by end-group analysis. The polysaccharide synthesized from glu- 
cose-1-phosphate by potato phosphorylase with phosphotetraose as a primer 
was degraded by B-amylase to a phosphorus containing oligosaccharide six 
to seven units in length (probably phosphohexaose which is resistant to 
B-amylase). This observation supports the idea that the synthesis of poly- 
saccharide by phosphorylase consists of addition of glucose units to primer 


! The survey of the literature pertaining to this review was concluded in De- 
cember, 1951. 

2 The following abbreviations are used: DPN*+, TPN*+ and DPNH, TPNH for 
oxidized and reduced di- and triphosphopyridine nucleotide; ADP, ATP for adeno- 
sine di- and triphosphate; P for orthophosphate; CoA for coenzyme A; NMN for 
nicotinamide mononucleotide; UMP, UDP, UTP for uridine mono-, di-, and tri- 
phosphate; DNP for 2,4-dinitrophenol. 
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end-groups, for the fact that a phosphorus-containing polysaccharide is 
formed indicates that the primer is actually used as a building stone for the 
synthesis. 

Substitution of arsenate for o-phosphate results in the conversion of 
starch to glucose, instead of glucose-1-phosphate, by potato phosphorylase 
according to the reaction 


phosphorylase 





starch + water glucose. 


arsenate 
Apparently an intermediate glucose-l-arsenate is formed which is rapidly 
hydrolyzed to glucose and arsenate (3). Just as in the case of phosphorolysis, 
only the @-1,4-linkages of both amylose and amylopectin undergo arsenol- 
ysis. 

The amino acid composition of crystalline phosphorylase a from rabbit 
muscle has been determined by microbiological, isotope derivative, and spec- 
trophotometric methods (4). Comparison with similar analyses previously 
made on two other crystalline enzymes from rabbit muscle, aldolase and 
p-glyceraldehyde-3-phosphate dehydrogenase, revealed that in spite of indi- 
vidual differences, which are probably related to the enzymatic activity, the 
three enzymes show much better correlation among themselves than they 
do, individually or as a group, with the structural proteins of the myosin 
fraction. They are much richer in valine, histidine, glycine, and proline, and 
poorer in glutamic acid than tropomyosin. Phosphorylase has a high arginine 
content which might be of interest in view of the tendency of arginine to be 
adsorbed on starch. From the predominance of basic groups, the isoelectric 
point of phosphorylase should be around pH 10, whereas in phosphate buffers 
the isoelectric point is below pH 6. A similar discrepancy in the case of aldo- 
lase and triose phosphate dehydrogenase has been shown to be due to the 
binding of phosphate ions by the proteins. The fact that no adenine could be 
detected in phosphorylase a by sensitive microbiological assays indicates 
that adenylic acid is not the prosthetic group or a component of the pros- 
thetic group of the enzyme. 

Debranching enzymes.—Cori & Larner (5) have published full details of 
their work on the amylo-1,6-glucosidase of rabbit muscle. As reported last 
year (6) this enzyme hydrolyzes the a-1,6-glucosidic linkages of glycogen 
and amylopectin after they have been exposed by the prior action of phos- 
phorylase. The enzyme does not act on intact glycogen but it acts on the 
limit dextrin obtained after exhaustive action of phosphorylase on glycogen 
at which point about 36 per cent of the polysaccharide is degraded. The 
action of the glucosidase stops before the polysaccharide is completely de- 
graded unless phosphorylase is allowed to act further and exposes new a-1,6- 
linkages. Through the combined action of phosphorylase and amylo-1,6-glu- 
cosidase glycogen is completely degraded to a mixture of glucose and 
glucose-1-phosphate. The ratio of free to total glucose is a measure of the 
degree of branching of the polysaccharide. This serves as the basis of an en- 
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zymatic method for end-group assay. Larner et al. (7) have subjected rabbit 
liver and muscle glycogen, and corn and wheat amylopectin, to the serial 
action of phosphorylase and amylo-1,6-glucosidase and have isolated and 
analyzed the limit dextrins at each end-point until 70 to 90 per cent of the 
polysaccharide was degraded. Their results indicate that these branched 
polysaccharides differ in the length of the outer and inner chains and in the 
number of tiers of branch points and hence possess an irregular tree-like 
structure as proposed by Meyer and Bernfeld. 

Hobson, Whelan & Peat (8) have published in full their work on R-en- 
zyme, a debranching enzyme present in the broad bean and potato. A par- 
tially purified preparation hydrolyzed the a-1,6-linkages of potato starch, 
amylopectin, and limit B-dextrins, but not those of isomaltose or bacterial 
dextrans. R-enzyme does not cleave or synthesize a-1,4-linkages. Another 
debranching enzyme, which appears to be identical with the R-enzyme, has 
been found in autolysates of brewers’ yeast (9). This enzyme, named iso- 
amylase, converts rice starch and potato amylopectin to an amylose-like 
product. It is considered to hydrolyze only a-1,6-bonds. R-enzyme and iso- 
amylase appear to act on intact polysaccharides without prior exposure of 
the a-1,6-linkages. 

Branching enzymes.—The mechanism of formation of the a-1,6-glucosidic 
linkages in branched polysaccharides of the glycogen and amylopectin type 
has remained obscure until recently. In 1943 Cori & Cori demonstrated the 
presence of a branching factor in liver and heart extracts capable of synthe- 
sizing 1,6-linkages. Through the combined action of this enzyme and crystal- 
line muscle phosphorylase a glycogen-like polysaccharide was synthesized 
from glucose-1-phosphate and small amounts of primer polysaccharide. Later 
Peat and collaborators isolated from potatoes an enzyme (Q-enzyme) which 
together with potato phosphorylase synthesized amylopectin from glucose-1- 
phosphate [cf. Hobson et al. (10)]. In the absence of phosphorylase and of 
inorganic phosphate, the enzyme converted amylose to amylopectin. Nussen- 
baum & Hassid (11) have recently confirmed the conversion of amylose to 
an amylopectin-like branched polysaccharide by the Q-enzyme. The syn- 
thetic product is precipitated by dilute alcohol, gives a purple color with 
iodine, and has a very low reducing value. End-group assay, both by the 
periodate and the enzymatic method of Cori & Larner, showed that the 
synthetic polysaccharide has a degree of branching close to that of amylo- 
pectin. It is as effective a primer of muscle phosphorylase as corn amylo- 
pectin. The results indicate that the Q-enzyme can split a-1,4-glucosidic 
linkages in the amylose chain and exchange them for a-1,6-linkages; thus it 
is a transglucosidase. It has been shown (10, 12) that the Q-enzyme requires 
amylose chains at least 50 glucose units in length to form branches. The 
exchange of a-1,4- for a-1,6-linkages by the branching enzyme (transgluco- 
sidase) has been demonstrated in an elegant manner by Larner (13) using a 
purified transglucosidase from liver. Glycogen which had been partially de- 
graded by phosphorylase was rebuilt approximately to the same extent by 
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the action of the same enzyme in the presence of C'*-glucose-1-phosphate. 
The radioactive glycogen thus formed was isolated, incubated with the 
purified transglucosidase, and then degraded by the combined action of 
phosphorylase and amylo-1,6-glucosidase. This yielded C'*-glucose, clearly 
demonstrating that the sugar originally incorporated in 1,4-linkages by phos- 
phorylase had been transferred to 1,6-linkages by the transglucosidase. 
Finally, the mystery surrounding the mechanism of synthesis of glycogen in 
intact muscle has been solved by the finding (13) that, unlike extracts of 
fresh muscle, those of acetone-dried or frozen muscle contain transglucosi- 
dase. 

Interconversion of polysaccharides.—A novel transglucosidase, which con- 
verts the a-1,4-glucosidic bonds of dextrin to the a-1,6-bonds of dextran, has 
been described by Hehre (14). The enzyme (dextran dextrinase) is secreted 
into the medium by cultures of Acetobacter capsulatum, and can be precipi- 
tated with ammonium sulfate. The resulting dextran, which had been first 
identified immunologically, has been isolated and identified both chemically 
and enzymatically. Dextran dextrinase acts on limit dextrins obtained from 
starch and glycogen by hydrolysis with either acid or a-amylase. It also acts 
on the linear dextrin amyloheptaose but not on sucrose or glucose-1-phos- 
phate. When acting on dextrins or amyloheptaose the substrate disappears 
to the extent that dextran is formed. Amyloheptaose is degraded until it is 
converted to at least a tetrasaccharide and possibly maltotriose or maltose. 
The enzyme appears to catalyze the repetitive transfer of a-p-glucopyranosy] 
units from the nonreducing end of a dextrin to a terminal position in a grow- 
ing dextran molecule without participation of phosphate. It is not yet known 
whether the reaction requires traces of dextran (or possibly of certain dex- 
trins) as a primer. The reaction represents the first known instance of the 
conversion of one polymeric material into another in which essentially every 
linkage is affected. From this and previous work there are now two known 
mechanisms for conversion of glycogen type polysaccharides to dextrans, one 
via sucrose, the other via the direct conversion catalyzed by Hehre’s trans- 
glucosidase. 


(amylosucrase) 





> glycogen type polysaccharide + fructose 
sucrose (dextran dextrinase) 


a" sucrase) —————> dextran + fructose 


Other transglucosidases.—Culture filtrates of Aspergillus oryzae contain a 
transglucosidase which converts maltose to isomaltose [6-(a-D-glucosyl) glu- 
cose], 6-(a-D-glucosyl) maltose, 6-(a-D-glucosyl) isomaltose, and an unidenti- 
fied tetrasaccharide (15). The products were identified by paper chromatog- 
raphy. The enzyme is inactive on glucose and glucose-1-phosphate. Incuba- 
tion of the enzyme with maltose and a small amount of C*-glucose results in 





=v 
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the formation of radioactive isomaltose and 6-(a-D-glucosy]l) isomaltose along 
with nonradioactive 6-(a-D-glucosyl) maltose. The enzyme appears to trans- 
fer a 1,4-linked glucosyl unit of maltose to the 6-position of glucose to yield 
isomaltose which in turn can accept another residue to form 6-(a-p-glucosyl) 
isomaltose. These results can be explained by assuming that the reaction 
occurs in steps as indicated below. 

Maltose +enzyme—glucosyl-enzyme-+ glucose 

Glucosyl-enzyme + C-glucose =enzyme+ C"4-isomaltose 

Glucosyl-enzyme+C"-isomaltose (or maltose)=2enzyme +C#-6-(a-p- 
glucosyl) isomaltose [or 6-(a-pD-glucosyl) maltose] 

Transfructosidation.—Two years ago Bacon & Edelman (16) and Blanch- 
ard & Albon (17) independently observed that oligosaccharides containing 
fructose and glucose were formed during the action of yeast invertase prep- 
arations on sucrose and suggested that the enzyme may also act as a trans- 
fructosidase. One of the oligosaccharides was tentatively identified as a tri- 
saccharide containing fructose and glucose in the proportion 2:1. The above 
findings were confirmed by the observation of Fischer et al. (18) that highly 
purified yeast invertase when allowed to act on sucrose gave rise to three 
oligosaccharides each containing only fructose and glucose. The question 
whether transfructosidase activity resides in a distinct enzyme or is a prop- 
erty of invertase itself, analogous to the phosphate-transferring action of 
phosphatases or the transpeptidations catalyzed by proteolytic enzymes, can 
only be answered by further purification of invertase. Aronoff (19) has re- 
ported that a commercial invertase preparation failed to show oligosaccha- 
ride synthesis during hydrolysis of sucrose. However, Aronoff’s experimental 
conditions were different from those of the British workers. When yeast in- 
vertase preparations act on sucrose, in the presence of methanol, ethanol, 
n-propanol, or benzylalcohol, the corresponding fructosides seem to be 
formed as the sucrose in hydrolyzed (20). The product formed in the presence 
of methanol was isolated, partially purified, and tentatively identified as the 
8-methylfructofuranoside. 

Further evidence for the occurrence of transfructosidation has been pre- 
sented by Edelman & Bacon with enzyme preparations from artichoke 
tubers (21). These preparations catalyze the transfer of fructose residues 
from inulin (a polysaccharide containing fructofuranosy] units linked through 
B-1,2 bonds) to sucrose forming a trisaccharide as well as higher oligosaccha- 
rides. The trisaccharide contains fructose and glucose in the ratio 2:1 as does 
the one formed in the sucrose-invertase reaction. The artichoke enzymes can 
also catalyze the transfer of fructofuranosyl residues to raffinose, melizitose, 
and free fructose, but not to maltose, lactose, trehalose, or glucose. Thus, the 
acceptor must be either fructose itself or a fructose-containing oligosaccha- 
ride. The preparations contain inulase and the question arises again whether 
the hydrolytic and group-transfer reactions are catalyzed by the same en- 
zyme. 

As suggested for the transfer catalyzed by invertase preparations (18) 
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transfructosidation might be visualized as occurring through the following 
steps: 

(a) sucrose+enzyme<fructosyl-enzyme+glucose 

(a’) (n)fructosan+enzymefructosyl-enzyme+(n—1) fructosan 

(b) fructosyl-enzyme+sucrose (or fructose) =28-polyfructoside-+enzy me 
These reactions would be analogous to the ones postulated for the transgluco- 
sidation catalyzed by A. oryzae extracts. It would be interesting to determine, 
by the use of labelled glucose, whether Reaction (a) is or is not reversible. 

Amylases.—Crystallization of the a-amylase of Aspergillus oryzae has 
been reported from two laboratories (22, 23). The limit dextrinase of the 
same organism has also been crystallized (23). A comparison of the properties 
of crystalline a-amylases from various sources has been published by Fischer 
& Montmollin (24). The kinetics of hydrolysis of various amyloses and 
amylopectins by a-amylases was studied by Meyer & Gonon (25, 26) who 
found maltose to be a noncompetitive inhibitor. In confirmation of an earlier 
report of Proskuryakob & Polyanskaya SH-reagents have been found to 
inhibit malt a-amylase but, surprisingly, the crystalline enzyme was re- 
ported to contain no sulfur (27). An a-amylase has been isolated in crude 
form from Clostridium butyricum (28). Maltose and maltotriose have been 
obtained as the final products of hydrolysis of potato amylose by a purified 
preparation of salivary amylase (29). Unlike other a-amylases the salivary 
enzyme did not hydrolyze maltotriose. 

Another crystalline B-amylase, this time from malt, has been obtained 
(30). Kerr & Cleveland (31) analyzed the products obtained on partial hy- 
drolysis of crystalline corn amylose by the crystalline B-amylase of Balls and 
collaborators from sweet potatoes. The high polymer fraction was crystal- 
lized and found to be identical in average chain length and chain length dis- 
tribution to the original amylose; the low polymer fraction consisted of 
maltose and traces of maltotriose. This confirms the results of French et al. 
(32) with amyloheptaose and favors the single chain theory of B-amylase 
action, i.e., that the enzyme hydrolyzes an amylose molecule completely to 
maltose before attacking a second one. 

An amylase resembling B-amylase has been isolated and partially purified 
from Rhizopus delemar. The preparations hydrolyze amylaceous polysaccha- 
rides and maltose to glucose and may be contaminated with maltase al- 
though the two activities could not be separated (33). Oxidation of the SH 
groups of crystalline sweet potato B-amylase inactivated the enzyme but did 
not change its diffusion and sedimentation rates suggesting the formation of 
intramolecular rather than intermolecular S—S linkages (34). Partial purifi- 
cation of the cellulase of the mold Myrothecium verrucaria has been reported 
(35). 

8-galactosidase—Cohn & Monod (36) have purified further the adaptive 
B-galactosidase (lactase) of Escherichia coli which was the subject of an inde- 
pendent study by Lederberg [cf. (6)]. The enzyme specifically hydrolyzes 
lactose, o-nitrophenyl-8-p-galactopyranoside, and other {§-p-galactosides. 
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Monovalent cations were shown to either activate or inhibit the enzyme de- 
pending upon the absence or presence of other cations. Potassium was more 
effective than sodium in activating the hydrolysis of lactose while the oppo- 
site was true for the hydrolysis of the o-nitrophenyl galactoside. An interest- 
ing study of the substances capable of inducing the formation of the enzyme 
has been carried out by Monod et al. (37). Although the presence of an intact 
galactosidic group is essential, adaptation may be induced by compounds, 
such as melibiose [6-(a-D-galactosyl) glucose], which are neither attacked by 
the enzyme nor utilized for growth by the particular strain of E. coli em- 
ployed. On the other hand, certain substances such as phenyl-8-p-thiogalac- 
toside, which have high affinity for the enzyme as judged by competitive 
inhibition using both purified preparations and resting cells, are inactive as 
adaptation inducers. These results are incompatible with current ideas that 
the synthesis of adaptive enzymes can only be induced by their specific sub- 
strates or by compounds capable of forming a specific complex with the 
enzyme. 
GLYCOLYSIS AND FERMENTATION 


Phosphorylation and interconversion of hexoses ——Weil-Malherbe & Bone 
have studied the hexokinase and phosphofructokinase activity of aqueous 
extracts of rat brain (38). In contrast to yeast hexokinase the brain enzyme 
was found to be strongly inhibited by glucose-6-phosphate, the inhibition 
being not competitive with respect to either glucose or ATP. However, in 
view of the facts that glucose-6-phosphate did not inhibit the phosphoryla- 
tion of fructose by a partially purified preparation of sheep brain hexokinase 
and that the yeast and brain enzymes have very similar, if not identical, 
properties (39), the significance of the above inhibition cannot as yet be 
evaluated. An activator of rat brain hexokinase has been found in mam- 
malian red cells and rabbit muscle extracts (38). The hexokinase activity of 
brain extracts was usually doubled, while that of rat muscle extracts and 
purified yeast hexokinase was increased only 30 to 40 per cent. Neither the 
nature of the activator nor the mechanism of its action has yet been clarified. 
Weil-Malherbe considers it possible that the activator might act as a media- 
tor between hormones and hexokinase. 

The phosphorylation of p-glucosamine by ATP first reported by Harpur 
& Quastel in 1949 to occur in extracts of ox brain has now been demonstrated 
with yeast hexokinase independently in two laboratories. Brown (40) found 
with the crystalline enzyme that D-glucosamine was phosphorylated at a 
rate at least 75 per cent of that of glucose and proved that the product was 
p-glucosamine-6-phosphate. N-acetylglucosamine was not phosphorylated. 
Essentially the same results were obtained by Grant & Long (41) with a 
partially purified enzyme. 

The hexokinase activity and specificity of tumor extracts has been 
studied by Boyland et al. (42). The activity is sufficient to account for all the 
glucose consumed during anaerobic glycolysis of tumor slices. Glucose and 
mannose were phosphorylated readily while fructose had much lower affinity 
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for the enzyme and galactose was not phosphorylated. Thus, tumor hexo- 
kinase resembles that of brain and yeast in substrate specificity. Long (43) 
has compared the hexokinase activity of homogenates of various rat tissues. 

The existence of a fructokinase in liver homogenates and muscle extracts 
is now well established (39). The liver fructokinase has been obtained in 
soluble form (44, 45); in the presence of Mg*t* and ATP, fructose and 
sorbose, but not glucose, galactose, and mannose, are phosphorylated (44). 
The product of fructose phosphorylation by liver fructokinase and ATP has 
been identified as fructose-1-phosphate (44, 45, 46). 

Separate hexokinases for glucose and fructose have been reported in E. 
coli extracts (47). After inactivation of the fructokinase, the preparations 
were active on glucose and mannose; the latter was attacked at about one- 
fourth of the rate of the former. Staphylococcus aureus extracts were active 
only on glucose. Evidence was obtained that galactose utilization by extracts 
of lactose-adapted E. coli involves galactokinase and ‘“‘galactowaldenase”’ 
(47) as in the case of yeast (6). 

The work of Cori and his collaborators on the mechanism of conversion 
of fructose to glucose, extending over a period of several years, has been pub- 
lished (46). In the presence of an oxidizable substrate, Mg**, and ATP, rat 
liver homogenates convert fructose to glucose aerobically. In the presence of 
fluoride there is an accumulation of fructose-1-phosphate. Fructose-1-phos- 
phate, fructose-1,6-diphosphate, and both glucose- and fructose-6-phosphate 
are converted, anaerobically, to glucose and phosphate. Further, a liver frac- 
tion was obtained which converts fructose-1- to glucose-6-phosphate as 
shown with the specific glucose-6-phosphate dehydrogenase. This conversion 
did not occur in rabbit muscle or sheep brain extracts. No formation of 
fructose-1-phosphate could be detected from either fructose-6- or glucose-1- 
phosphate. The scheme below (46, 48) summarizes our present knowledge of 
the mechanism of the fructose glucose conversion in liver but there is no 
direct evidence for the occurrence of reaction (a) or (6). An additional possi- 
bility is that liver, like muscle (39, 48), can convert fructose-1-phosphate in 
the presence of ATP to fructose-1,6- diphosphate. The fructose diphosphate 
would be rapidly hydrolyzed by a specific liver phosphatase to fructose- 
6-phosphate and the latter converted to glucose as indicated in the scheme: 


fructo- 


{¢ Phosphorylase. 





fructose + ATP———~> — fructose -1~P--- lucose-1-P glycogen + P 
' 
' 
(6); phosphoglucomutase 
' 
fructose-6-P phosphe- viucose-6-P goucose-6- glucose + P 
hexoiso- ‘phosphatase 


merase 


The conversion of glucose to fructose, which occurs in the male accessory 
sex Organs and in the placenta, most likely proceeds through the steps indi- 
cated in the diagram below since the necessary enzymes have been shown to 
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be present in these tissues (49, 50, 51): 


blood glucose ——> glycogen ———_»glucose-1-P 





> glucose-6-P=——=fructose-6-P 
(a) (6) 
glucose fructose 
(reutilized) 


Steps (a) and (6) are catalyzed by a nonspecific alkaline phosphatase. 

As reported last year (6) the brilliant work of Leloir and his collaborators 
on the enzymatic conversion of galactose-1-phosphate to glucose-1-phosphate 
by an enzyme from Saccharomyces fragilis culminated in the discovery of a 
new coenzyme, uridinediphosphate glucose (UDP glucose). The mechanism 
of action of the coenzyme has been further investigated by Leloir (52, 53) 
who, on incubation of crude yeast enzyme with UDP glucose, isolated a com- 
pound with the properties of UDP galactose. The reaction reaches an equi- 
librium when about 25 per cent UDP glucose is converted to UDP galactose. 
This led Leloir to postulate the following two steps in the over-all reaction: 


(a) galactose-1-P-+-UDP glucose =glucose-1-P-+UDP galactose 
(b) UDP galactoseUDP glucose 


(c) Net reaction: galactose-1-P =glucose-1-P 





The enzyme (or enzymes) catalyzing the over-all reaction has (have) been 
separated from galactokinase and phosphoglucomutase in extracts of Sac- 
charomyces marxianis (54). That the conversion of D-galactose to D-glucose 
in vivo involves direct inversion at carbon atom 4 is indicated by experiments 
of Topper & Stetten (55) showing that after feeding galactose-1-C™ to rats 
most of the C' was present in carbon 1 of the glucose from the liver glycogen. 
This is in agreement with the in vitro results of Leloir and collaborators. 

The previously reported conversion of two molecules of glucose-1-phos- 
phate to one of glucose-1,6-diphosphate and one of glucose by enzyme prepa- 
rations of E. coli which had not been freed of phosphatase (56), has now been 
found to be catalyzed, although less efficiently, by kidney phosphatase (53). 
This would be similar to the phosphate-transfer reactions previously studied 
by Axelrod and by Meyerhof and his collaborators (6). 

Leloir has described a conversion of mannose-1- to mannose-6-phosphate 
catalyzed by phosphoglucomutase in the presence of catalytic amounts of 
glucose-1,6-diphosphate (53). In this reaction the role of glucose diphosphate 
is to generate mannose-1,6-diphosphate according to the equation glucose-1- 
6-diP + mannose-1-P -mannose-1,6-diP +glucose-6-P. The mannose diphos- 
phate then acts as does glucose diphosphate in the glucose-1- to glucose- 
6-phosphate conversion. The mannose phosphate reaction is about 40 times 
slower than the one involving glucose phosphate. The catalytic effect of 
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glucose-1,6-diphosphate on the phosphoglucomutase reaction has been de- 
scribed in jack-bean seed extracts (57). 

The alkali-catalyzed isomerization of glucose to fructose and mannose 
has been studied by Topper & Stetten (58) with deuterium as a tracer. With 
1-deuteroglucose almost all of the deuterium of carbon 1 of glucose was found 
attached to carbon 1 of fructose, while only about 50 per cent of this deu- 
terium was found in position 1 of mannose. This loss of deuterium incident 
to mannose formation suggested that mannose could only arise from glucose 
via fructose as in the scheme below: 


H H H 
C:0 HOCH HCOH HOCH C:0 
= ll - i. coed i — | 
HCOH OH ) 70 HO ) ee H 
| | 
R R R R R 


glucose érans-enediol fructose cis-enediol mannose 


These results are relevant to the enzymatic isomerization of the correspond- 
ing 6-phosphohexoses which is now known to be catalyzed by two enzymes 
(59). Although the question whether the enzymatic isomerization of man- 
nose-6-phosphate yields glucose-6-phosphate or fructose-6-phosphate as the 
primary product is still open, the often encountered analogy between purely 
chemical and enzyme-catalyzed reactions would favor the latter alternative. 

Taylor (60) has reported a 25-fold purification of 6-phosphofructokinase 
from rabbit muscle extracts. In contrast to the behavior of the crude enzyme 
in brain extracts which was activated by Kt and NH,* (61) the purified 
enzyme showed no demonstrable activation by K* (60). Muscle extracts 
contain a 1-phosphofructokinase which catalyzes the phosphorylation of 
fructose-1-phosphate by ATP to fructose-1,6-diphosphate (39, 48). This may 
be significant since muscle fructokinase, like the liver enzyme, may form 
fructose-1-phosphate and this compound is not converted to either fructose- 
or glucose-6-phosphate by muscle extracts. Cardini (57) has reported the 
presence in jack-bean seeds of the enzyme catalyzing the phosphorylation of 
glucose-1-phosphate by ATP to glucose-1,6-diphosphate (1-phosphogluco- 
kinase) previously isolated from yeast and muscle (53). 

Triose phosphate dehydrogenase—Velick (62) has further studied the 
kinetics of binding of DPN by crystalline triose phosphate dehydrogenase 
from muscle. The enzyme crystallizes with about two moles of DPN per 
mole of protein (molecular weight 120,000). After removal of bound DPN 
with norite, the enzyme activity increases linearly with increasing amounts 
of added DPN up to two moles per mole of protein. On ultracentrifugation 
the sedimenting protein carries down two molecules of DPN. From such 
studies the apparent dissociation constant has been calculated to be about 
10~'° moles per 1. Two molecules of DPNH can also be bound by the enzyme. 

- The DPNH produced during oxidation of the substrate inhibits the reaction 
competitively to the degree expected if the dissociation constants of the 
enzyme-DPN and enzyme-DPNH complexes were identical. Irradiation of 
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crystalline muscle triose phosphate dehydrogenase at a wave length around 
340 my activated the enzyme provided adsorption of light occurred by 
bound DPNH; while irradiation at wave length 253.7 my inactivated the 
enzyme (63). The above effects may be related to the oxidation-reduction 
state of the enzyme sulfhydryl groups. 

Needham et al. (64) found that p-glyceraldehyde competitively inhibits 
the oxidation of p-glyceraldehyde-3-phosphate by triose phosphate dehydro- 
genase. This is related to the well-known fact that the free aldehyde is oxi- 
dized by the enzyme although at much slower rate than the phosphorylated 
compound. Since glyceraldehyde inhibition of glycolysis in muscle extracts 
was decreased by addition of triose phosphate dehydrogenase, it appears that 
the above effect contributes to the over-all inhibition of glycolysis by DL-glyc- 
eraldehyde. It will be remembered that hexokinase is inhibited by sorbose-1- 
phosphate which can be formed by the aldolase-catalyzed condensation of 
L-glyceraldehyde with dihydroxyacetone phosphate. 

Harting (65) has made the significant observation that crystalline triose 
phosphate dehydrogenase, in the presence of orthophosphate, catalyzes the 
reversible oxidation of acetaldehyde to acetyl phosphate although the rate 
of oxidation is much less than that observed with glyceraldehyde phosphate. 
An analogy of this reaction with the CoA-linked transacetylations is at once 
apparent [cf. (140)]. The results and significance of experiments coupling 
these two systems will be discussed in the section on mechanism of carbonyl 
oxidation. 

Alcohol dehydrogenase.—An interesting study of the binding of DPN and 
DPNH by crystalline horse liver alcohol dehydrogenase has been carried out 
by Theorell & Bonnichsen (66). On addition of the enzyme to a solution of 
DPNH the absorption maximum of the latter at 340 my is shifted to 325 my. 
This is due to the formation of an enzyme-DPNH complex. Two molecules 
of DPNH are bound per molecule of enzyme (molecular weight 73,000) be- 
tween pH 7 to 9, but only one at pH 10. The ratio of the dissociation con- 
stants of the DPN- and DPNH-enzyme complexes varies from 200 at pH 7 
to about 1 at pH 10. The oxidation-reduction potential (Zo’) of the enzyme- 
DPN-enzyme-DPNH system was calculated from equilibrium measurements 
and found to vary from —0.196 at pH 6.4 to —0.351 v. at pH 7.0. These 
potentials, which are much higher than the corresponding ones for the 
DPN-DPNH system, approach those of the alcohol-acetaldehyde system; 
this would facilitate the oxidation of alcohol. The course of the change of Ep’ 
with pH indicates the existence of an acidic group whose pK’ is 10 in the 
case of the DPNH-enzyme and 7.8 in that of the DPN-enzyme complex. 
This acid group was identified as —SH which in the DPNH-enzyme complex 
is probably linked to the nitrogen of the pyridine ring. p-Chloromercuriben- 
zoate inhibits the enzymatic activity and shifts the absorption maximum of 
the DPNH-enzyme complex from 325 to 340 mu. This is probably due to 
cleavage of the S to N bond, and it is suggested that formation of such a 
bond is necessary for enzyme activity. 
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The mechanism of the enzymatic transfer of hydrogen from ethanol to 
DPN has been studied by Westheimer et al. (67) employing deuteroethanol 
and crystalline yeast alcohol dehydrogenase. One deuterium atom was found 
in the isolated DPNH, and control experiments demonstrated absence of 
exchange of hydrogen between DPNH and water. These results suggest a 
direct transfer of hydrogen as formulated below. 


CONH, CONH, 
CHsCD,0H + === CH,CDO + Ht + x 
w’ ‘D 
R 





General aspects—A study of various factors controlling the rate of fer- 
mentation by suspensions of quickly-dried and thoroughly washed brewers’ 
yeast cells (which are permeable to phosphate, phosphate esters, and co- 
enzymes) was published by Meyerhof & Kaplan (68). There was no fermenta- 
tion unless Mg** and either Kt or NH,* were added. Optimum rates were 
obtained only on further addition of orthophosphate, ATP, and DPN. The 
action of the monovalent cations probably reflects their requirement in 
transphosphorylation reactions. 

As is well known, fermentation of glucose by yeast Lebedev juice practi- 
cally stops when most of the orthophosphate is esterified. Ohlmeyer (69) 
reports the isolation and partial purification from yeast of a new cofactor 
which, like ATP-ase or arsenate, permits high rates of fermentation to pro- 
ceed at low levels of orthophosphate. The cofactor appears to be a dinucleo- 
tide which may be identical to the diadenosine tetraphosphate of Kiessling 
& Meyerhof. The cofactor seems to promote a continuous regeneration of 
orthophosphate but this is not due either to phosphorylation and dephos- 
phorylation of the cofactor itself or to stimulation of ATP-ase or of the de- 
phosphorylation of 1,3-diphosphoglycerate. 

Fowler (70) has made the interesting observation that on passage of a 
growing culture of £. coli from aerobiosis to anaerobiosis growth and glucose 
utilization cease abruptly for about 30 min. and then resume provided a 
nitrogen source is present; growth quickly attains the aerobic rate and 
glucose utilization rises to a rate 2.5 times the aerobic one. When air is re- 
admitted, or exogenous nitrogen is excluded anaerobically, the rate of glucose 
utilization gradually diminishes to the aerobic level. The above results are 
interpreted as indicating that synthesis of an adaptive enzyme is required 
for the anaerobic utilization of glucose and that this enzyme system is very 
labile, disappearing in the presence of air or in the absence of an exogenous 
nitrogen source. The suggestion is also made that the Pasteur effect (i.e., a 
decreased rate of glucose utilization in presence of oxygen) may result from 
failure to synthesize such an adaptive fermentative enzyme system aerobi- 
cally. While it is conceivable that such a mechanism might supplement a 
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more rapidly acting one in regulating the rate of glucose utilization, it is 
doubtful whether it could be the sole mechanism at play, especially in animal 
cells. Furthermore, since adaptation might be concerned with the uptake 
of glucose by the cells rather than with its utilization, it would be desirable 
to establish the presence or absence of glucose fermentation in extracts of 
aerobically grown cells. 


DirEcT OXIDATION OF HEXOSES 


The direct oxidation of glucose and glucose-6-phosphate has been ex- 
tensively investigated and important advances have been made toward the 
elucidation of the enzymatic mechanisms involved. 

The glucose dehydrogenase of ox liver has been highly purified by Strecker 
& Korkes (71). The enzyme reacts with either DPN or TPN. Evidence was 
obtained that the enzyme catalyzes the first of the following reactions: 


(a) glucose+ DPN*@5-gluconolactone+ DPNH+H* 
(b) gluconolactone+ H,O@¢luconic acid 
(c) gluconic acid@gluconate+H* 


The reversibility of reaction (a) was demonstrated by the oxidation of 
DPNH by 6-gluconolactone in the presence of the enzyme; the equilibrium 
constant was about 15 at pH 6.7 and 25°C. Evidence was also obtained for 
the reduction of gluconic acid to glucose under conditions favoring reversal 
of reaction (c) (i.e., low pH). The intermediate formation of lactone in the 
oxidation of glucose-6-phosphate by its specific dehydrogenase was inde- 
pendently observed by Cori & Lipmann (72) who trapped the lactone with 
hydroxylamine as the corresponding hydroxamic acid. It will be recalled that 
Bentley & Neuberger demonstrated in 1949 the intermediate formation of 
6-gluconolactone in the oxidation of glucose to gluconic acid by the glucose 
oxidase of Penicillium notatum (notatin) which is a flavoprotein. 

The formation of hexoses by oxidation of the corresponding alcohols has 
also received attention. Stetten & Stetten (73) found that sorbitol is utilized 
almost as readily as glucose by the intact rat. The mechanism of sorbitol 
oxidation has been clarified by the work of Blakeley (74) on sorbitol dehydro- 
genase. The enzyme, partially purified from rat liver, catalyzes the reaction 
p-sorbitol-+- DPN*+=p-fructose+ DPNH +H. The equilibrium constant was 
0.24 at pH 8 and 20°C. The enzyme preparation also catalyzed the oxidation 
of L-iditol to L-sorbose in the presence of DPN. The distribution of the 
enzyme seems to be limited to liver and kidney. 

The oxidative conversion of 6-phosphogluconate to D-ribose-5-phosphate 
by yeast preparations was independently established in two laboratories (75, 
76, 77). The elucidation of the mechanism of the above conversion repre- 
sents an outstanding advance. Horecker & Smyrniotis (76) have extensively 
purified an enzyme system from brewers’ yeast which catalyzes the reac- 
tion 6-phosphogluconate+TPNt-— pentose phosphate +CO,;+TPNH+Ht". 
The enzyme system was also found in most mammalian tissues (76, 78) with 








560 OCHOA AND STERN 


the possible exception of skeletal muscle. The system is strictly TPN-specific 
(75, 76, 78). On further analysis (77), the ketopentose D-ribulose-5-phosphate 
was identified as the product of the oxidative decarboxylation of 6-phospho- 
gluconate. The enzyme preparations contain a phosphopentose isomerase 
which catalyzes the reversible conversion of D-ribulose-5-phosphate to 
p-ribose-5-phosphate (see scheme below) reaching an equilibrium ratio ap- 
proximately 1 to 3. Similar results have recently been obtained with a par- 
tially purified preparation from rabbit liver (79). A remarkable feature of 
the oxidation reaction is that it represents a @-oxidation in the sugar series 
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HCOH OH H,COH HC:0 
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HCOH —————> 7 ——s— HCOH =———————_ HCOH 
HCOH HCOH HCOH HCOH 
HgCOPO3Hg | HaCOPO3He H2COPO3H> H2COPO3H2 
6-P-gluconic 3-keto-6-P- ribulose-5-P ribose-5-P 

acid gluconic acid 


and that, as in the oxidative decarboxylation of malate and isocitrate, there 
is no evidence for a free keto acid intermediate which in this case would be 
3-keto-6-phosphogluconate. The analogy is further strengthened by the 
demonstration that the reaction 6-phosphogluconate+TPNt=p-ribulose- 
5-phosphate-+CO.+TPNH-+H? is readily reversible (80). Reversibility was 
demonstrated by three independent methods (a) incorporation of C™O., 
(b)spectrophotometrically, and (c) by a net synthesis of 6-phosphogluconate 
from ribulose-5-phosphate and CO, in a dismutation with the glucose-6-phos- 
phate dehydrogenase system. Since the oxidation of glucose to gluconate and 
probably that of glucose-6-phosphate to 6-phosphogluconate, can be re- 
versed, the work of Horecker provides a possible pathway for the synthesis of 
hexose from pentose and CO: which might operate in photosynthesis. It 
might be mentioned here that ribulose and sedoheptulose phosphates have 
been identified among the products of photosynthesis by Chlorella and other 
plant cells (81, 82). 

A number of microorganisms, including several species of Pseudomonas 
(83, 84, 85) and Acetobacter (86) can oxidize glucose via gluconate to 2-keto- 
gluconate. Although some organisms can oxidize 2-ketogluconate by an un- 
known mechanism (84, 87) it appears that this compound is not in the major 
pathway of glucose oxidation (84) which, in view of the presence (or the 
adaptive formation) of phosphokinases for glucose and gluconic acid (88), 
probably proceeds mainly via phosphorylated intermediates. 
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METABOLISM OF PENTOSES AND NUCLEOSIDES 


The concept of cleavage of pentose to C3; and C, fragments has been re- 
inforced by a variety of observations. Thus Lactobacillus pentosus ferments 
1-C'4-p-xylose to unlabelled lactate and acetate labelled exclusively in the 
methyl carbon (89); identical results were found in the fermentation of 
1-C'4-p-arabinose by L. pentoaceticus (90). That these reactions probably oc- 
cur via phosphorylated intermediates leading to ribose phosphates is indi- 
cated by studies with L. pentosus (91) and by the adaptive formation of 
arabinokinase and ribokinase in E£. coli (92). The formation of triose phos- 
phate from ribose-5-phosphate has been observed in E. coli and yeast extracts 
(93, 94). The nature of the C2 fragment has not been ascertained; it might be 
glycolaldehyde. Kaushal et al. (95) report the isolation of glycolaldehyde 
from the medium of Acetobacter acetigenum grown on D-xylose or L-arabinose. 
Aldolase, it will be recalled, can catalyze the condensation of dihydroxy- 
acetone phosphate and glycolaldehyde to a ketopentose phosphate, which is 
probably xylulose-1-phosphate. Enzyme fractions have been prepared from 
baker’s yeast (96) which split only ribulose-5-phosphate to C; and C2; ribose- 
5-phosphate must first be incubated with another enzyme fraction before it 
is cleaved by the splitting enzyme. It appears, therefore, that ribulose-5- 
phosphate may well be the specific substrate of pentose phosphate splitting 
generally, and that as yet unidentified enzymes may be involved in the con- 
version of other pentoses to ribulese-5-phosphate. The 3-carbon fragment 
is certainly triose phosphate but the presence of isomerase does not permit 
one to distinguish between 3-phosphoglyceraldehyde and phosphodihydroxy- 
acetone as the primary product. However, the nature of the 2-carbon frag- 
ment is unknown; the presumption that it might be glycolaldehyde has little 
experimental support thus far. 

The original observation that glucose-6-phosphate is formed from ribose- 
5-phosphate in red blood cells (97) has now been extended to include liver 
(98), bone marrow (79) and yeast (96). This synthesis, whose pathway is 
unknown and which does not appear to proceed by condensation of triose 
phosphates to hexose diphosphate [cf. (97) for a discussion of possible mecha- 
nisms] probably accounts for the reduction of TPN by ribose-5-phosphate in 
liver and yeast preparations (78, 94) which contain glucose-6-phosphate de- 
hydrogenase. 

Ribose can arise from purine and pyrimidine nucleosides through the ac- 
tion of nucleoside phosphorylases. These enzymes, which are found in animal 
tissues and bacteria, catalyze the reversible reaction, purine (or pyrimidine) 
riboside + phosphate@ribose-1-phosphate+purine (or pyrimidine) _ base. 
Liver nucleoside phosphorylase is known to split the ribosides of hypo- 
xanthine, guanine, and xanthine [cf. (6)]. Cardini et al. (99) describe a liver 
uridine phosphorylase which in the presence of phosphate forms uracil and 
ribose-1-phosphate. The latter is further metabolized presumably via ribose- 
5-phosphate involving a mutase which requires Mg**. Uridine phosphorylase 
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has also been isolated and purified from E. coli (100). Cytidine and purine 
ribosides were not split by the purified enzyme. The phosphorolysis of nico- 
tinamide riboside (NR*) according to the reversible reaction NR*+phos- 
phate=2nicotinamide+ribose-1-phosphate+Ht has been observed in beef 
liver extracts (101). The enzyme was partially purified. The equilibrium 
constant (about 107") is close to that found by Kalckar for liver inosine 
phosphorylase. Since inosine was split by the purified enzyme and substrate 
competition was demonstrable, the same enzyme might split the glycosidic 
bonds in both pyridinium and purine nucleosides. A phosphoribomutase 
which converts ribose-1-phosphate to an acid-stable pentose ester (possibly 
ribose-5-phosphate) has been demonstrated in soluble liver preparations 
(102). It can be selectively inactivated by surface denaturation after which 
ribose-1-phosphate accumulates from the phosphorolysis of inosine by the 
nucleoside phosphorylase. Thus, there is evidence that the sugar moiety of 
ribonucleosides can be metabolized to triose phosphate and an unknown C:- 
fragment by the consecutive action of nucleoside phosphorylase, phospho- 
ribomutase, phosphopentoisomerase, and a ribulose-5-phosphate splitting 
enzyme. Both fragments can be further metabolized via the glycolytic and 
oxidative pathways. 

The mechanism of synthesis and breakdown of desoxyribose-5-phos- 
phate has been elucidated by the work of Racker (103), who has isolated and 
partially purified from E. coli an enzyme, desoxyribose phosphate aldolase 
(DR-aldolase), which catalyzes the reversible reaction: desoxyribose-5-phos- 
phatezp-glyceraldehyde-3-phosphate+ acetaldehyde. The enzyme does not 
act on ribose-5-phosphate. Through coupling with enzyme fractions from 
yeast which split ribose-5-phosphate yielding triose phosphate (96), ribose- 
5-phosphate can be converted to desoxyribose-5-phosphate in the presence 
of acetaldehyde. Crude preparations of DR-aldolase contained a phospho- 
desoxyribomutase as well as purine nucleoside phosphorylase since desoxy- 
ribose-5-phosphate reacted with hypoxanthine to yield the corresponding 
riboside. 

Manson & Lampen (104) have found that extracts of E. coli contain 


thymidine + P =—desoxyribose-1-P + thymine 
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ethanol + 3-phosphoglycerate 
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enzymes which catalyze the reversible phosphorolysis of purine and pyrimi- 
dine desoxyribosides to the free base and presumably desoxyribose-1-phos- 
phate. Friedkin & Roberts (105) have described the synthesis of thymidine 
from thymine and desoxyribose-1-phosphate by a kidney enzyme. 

In view of the above results the fermentation of thymidine by E. coli cells 
to one molecule each of thymine, acetate, formate, and ethanol (106) can be 
formulated as indicated on page 562. 

It should be noted that whereas nucleoside phosphorylases specific for the 
purine or pyrimidine base have now been separated in E. coli (100), the 
existence of specific phosphorylases in liver and other animal tissues is not 
clearly established [cf. (99, 101)]. 


HETEROLACTIC FERMENTATION 


Work on the mechanism of glucose fermentation to lactate, ethanol, and 
CO, by the so-called heterofermentative microorganisms can now be dis- 
cussed in the light of the studies on the direct oxidative pathway of hexoses 
and the biological breakdown of pentoses described in the two preceding 
sections. Fermentation balance studies with Leuconostoc mesenteroides show 
that glucose gives rise to one molecule each of lactate, ethanol, and CO, 
(107). Experiments with radioactive glucose indicate that the above fermen- 
tation is not due to the simultaneous occurrence of glycolysis and fermenta- 
tion via the Embden-Meyerhof pathway. Thus, in the dissimilation of 
1-C'*-glucose by cell suspensions of Leuconostoc practically all of the C is 
present in the COz, while with 3,4-C-glucose half of the labelled carbon is 
found in the carboxyl group of lactate and the other half in the carbinol 
group of ethanol (108). These results would appear to exclude the Embden- 
Meyerhof pathway which requires that carbon 1 of glucose become the 
methyl carbon of lactate and ethanol, and carbons 3 and 4 become CO, and 
the carboxyl group of lactate. The isotope studies with Leuconostoc are com- 
patible with the operation of a pathway (see scheme below) involving direct 
oxidation of (monophosphorylated) hexose to ribulose and splitting of the 
latter to C;+C; as already discussed. If the C2 fragment is glycolaldehyde, 
one must assume that it can be reduced to ethanol or, in certain Lactobacilli 
(89, 90), converted to acetate. 


1 C*HO C*O, 

2 HoH CH,OH CH; 

3 Hon -4H bro © 44H C+HOH 
1 non don coon 
s nox buon Hou 
6) GOH de.0n bn, 


Cohen (109) has attempted to evaluate the relative contribution of the 
pentose and the Embden-Meyerhof pathways to the over-all biological break- 
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down of hexose in E. coli, an organism which contains the enzymes involved 
in both systems. Using 1-C'-glucose he found that the contribution of the 
pentose pathway is negligible in resting and small in growing cells. These 
results in conjunction with earlier ones on L. casei and bakers’ yeast [cf. (6)] 
suggest that the Embden-Meyerhof pathway is the principal one in energy- 
yielding glucose breakdown while the direct hexose oxidation pathway may 
be primarily concerned with the production of ribose for synthetic purposes. 


Citric Acip CYCLE 


Important advances have been made during the past year which empha- 
size the role of the Krebs citric acid cycle as the main pathway of biological 
oxidations. The significance of the cycle has been enhanced by evidence that 
it occurs in still more animal, insect, and bacterial cells and by the demon- 
stration that fragments generated in the catabolism of certain aromatic and 
heterocyclic compounds can enter the cycle at different levels. Thus, meta- 
bolic and enzymatic studies have appeared which support the existence of a 
citric acid cycle in mammary gland (110, 111), lens tissue (112), mouse 
tumors (113, 114), Drosophila (115), Pseudomonas aeruginosa (116), and 
Azotobacter vinelandii (117). Moreover the occurrence of the cycle in vivo, 
already supported by studies on (a) the increased urinary output of citrate 
and a-ketoglutarate after feeding of cycle intermediates, (b) citrate accumu- 
lation in tissues following fluoracetate poisoning (c) isotope distribution in 
liver glycogen following administration of labelled CO, acetate, etc., and 
(d) the pattern of CO, fixation in cycle intermediates, is further strengthened 
by the pattern of conversion of labelled acetate and lactate to urinary succi- 
nate in the whole rat (118). 

From the work of several laboratories (119 to 124) it is now clear that the 
metabolism of phenylalanine and tyrosine in liver proceeds through the 
following pathway: phenylalanine —tyrosine-p-hydroxyphenyl pyruvate 
—2,5-dihydroxyphenyl pyruvate -homogentisic acid ~fumarylacetoacetate 
—fumarate+acetoacetate. Fumarate enters the cycle directly and aceto- 
acetate is known to yield ‘“‘active’’ acetate. In Pseudomonas [cf. (125)] the 
oxidation of tryptophan has been shown to proceed via two pathways, one of 
which involves the following transformations: L-tryptophan -.L-formylky- 
nurenine—alanine+anthranilic acid-—>catechol—cis, cis-muconic acid —f- 
ketoadipic acid. In animal tissue only the oxidation of tryptophan to anthra- 
nilic acid and alanine is so far known. In Pseudomonas mandelic acid, benzoic 
acid and p-hydroxybenzoic acid are also converted to B-ketoadipic acid, 
which appears to be a final common intermediate. Although intact cells 
oxidize B-ketoadipate to CO, and H.O, the mechanism is not established. By 
analogy with 8-keto acids, it may be split to “‘acetate’’ and ‘“‘succinate.”’ In- 
deed Vibrio cells form succinate from B-ketoadipate (126). The entry of 
histidine into the cycle is effected in Pseudomonas by its splitting to gluta- 
mate, formate, and ammonia (127). 

Greater insight has been gained into the enzymatic mechanisms of the 
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citric acid cycle through the identification of ‘‘active’’ acetate as acetyl co- 
enzyme A, the crystallization and study of the condensing enzyme, and the 
elucidation of the manner in which pyruvate enters the cycle. 

Nature of ‘‘active acetate.’’"—\Work on CoA-dependent acetyl transfer re- 
actions had strongly suggested that the actual acetyl donor was an acetylated 
CoA (128, 129). This has now been conclusively established by the brilliant 
work of Lynen and his collaborators (130). The German workers succeeded 
in isolating and partially purifying acetyl CoA from bakers’ yeast which had 
been actively oxidizing ethanol or glucose. The biological assay of acetyl 
CoA was based on its capacity to replace the CoA-dependent acetate-ATP 
donor system required to acetylate sulfanilamide in the pigeon liver prepara- 
tions of Kaplan and Lipmann. The best preparations of acetyl CoA are 
about 40 per cent pure based on a molecular weight of 800 for pure CoA (131). 

The chemical properties of acetyl CoA can best be understood in the light 
of the following probable structure of the acetylated coenzyme based on the 
work of Lipmann, Snell, Lynen and their collaborators. Lynen et al. (130) 
identified acetyl CoA as an acetyl-mercaptide of the type 

O 
R—S—C—CH; 
on the basis of the following properties: (a) stability to acid and heat; hy- 
drolysis by alkali with liberation of free SH groups (nitroprusside reaction), 
(b) equivalence between chemical determination of the acyl-mercaptide 
group (132) and enzymatic assay, (c) decomposition by Hg salts, (d) re- 
sistance to SH-oxidizing and alkylating agents (e.g., iodine, iodoacetate) 
which completely inactivate the free coenzyme. This work clearly identifies 
SH as the active group of CoA. 
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Condensing enzyme.—Studies on the enzymatic synthesis of citric acid 
(133) have led to the isolation of crystalline condensing enzyme from heart 
muscle (134). This is the first enzyme of the Krebs cycle to be obtained in 
crystalline form. A mixture of highly purified bacterial phosphotransacetyl- 
ase (135) and crystalline condensing enzyme (each free of aconitase) cata- 
lyzes the conversion of acetyl phosphate and oxalacetate to citrate and 
orthophosphate; the isolation and identification of the citric acid as the 
quinidine salt (134) conclusively establishes citrate as the primary condensa- 
tion product of the cycle. Evidence was presented that the above synthesis 
is the sum of reactions (a) and (b) below catalyzed by phosphotransacetylase 
the condensing enzyme respectively (136). 
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(a) acetyl P+CoA@acetyl CoA+P 
(b) acetyl CoA+oxalacetate"+H,0@citrate™ +CoA+H* 


The demonstration that crystalline condensing enzyme catalyzes the reaction 
of Lynen’s acetyl CoA with oxalacetate to yield stoichiometric amounts of 
citrate and sulfhydryl (136, 137), constituted final proof of reaction (b) and 
confirmed the acyl-mercaptide nature of acetyl CoA. The reaction can now 
be formulated as indicated below. 


coo- 0 coo- 

O:¢ + CHy-C—S—R + Oz? HOG—CH,-COO- + HS—R + 
oss bes, 
Coo- boo- 


Its equilibrium constant was determined spectrophotometrically through 
coupling with the reaction catalyzed by malic dehydrogenase (malate 
+DPN*=oxalacetate"+DPNH+H"*) resulting in the over-all reaction: 


malate™+acetyl CoA+ DPN++H,02@citrate™ +CoA+DPNH+2H+ 


From such measurements it has been estimated that the free energy change 
of reaction (b), whose equilibrium is far toward citrate synthesis, is about 
— 8,000 cal. at pH 7.2 (136, 137). The free energy of formation of citric acid 
has been estimated by Kaplan (138) as about +5,000 cal. Thus, the free 
energy of the acyl-mercaptide bond of acetyl CoA is of the order of +12,000 
to +13,000 cal. A similar value was obtained by Stadtman (139) from direct 
measurements of the equilibrium constant of the readily reversible phospho- 
transacetylase reaction [reaction (a)]. Thus, there can be no doubt that, as 
already pointed out by Lynen (130), acetyl CoA is an energy rich compound. 

The reversibility of the condensing reaction is further illustrated by the 
finding (136) that, in the presence of crystalline condensing enzyme and CoA, 
citric acid acts as an acetyl donor to orthophosphate, sulfanilamide, or 
choline when the appropriate acceptor enzyme system is present. 

Generation of acetyl CoA.—With the identification of “‘active acetate’’ as 
acetyl CoA, it became evident that all substances entering the citric acid 
cycle at the 2-carbon fragment level must generate acetyl CoA. Indeed recent 
work has demonstrated that acetyl CoA can be generated from pyruvate, 
acetaldehyde, fatty acids, B-keto fatty acids and acetate itself. 

By partial purification of the pyruvate oxidation system of E. coli (strain 
4157) two enzyme fractions (A and B) have been isolated which, in the 
presence of DPN and CoA, catalyze the conversion of pyruvate either to 
acetyl phosphate, provided phosphotransacetylase and orthophosphate are 
added, or to citrate provided condensing enzyme and oxalacetate are present 
(140). There is no pyruvate disappearance in the absence of DPN, CoA, or 
acetyl acceptor system. The system also requires diphosphothiamine. This 
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supports the following scheme: 


(4) pyruvate + DPN* + an + “eae + DPNH + Ht 


(6) acetyl P + CoA eM + CoA (e) 


The behavior of the E. coli enzymes is duplicated by soluble preparations 
from pig heart (140, 141). Since animal tissues contain no phosphotransacetyl- 
ase, it is of some interest that the pig heart system can convert pyruvate 
+phosphate to acetyl phosphate on addition of bacterial phosphotrans- 
acetylase. These results prove the general validity of those obtained with 
the £. coli system. A participation of pantothenic acid in the oxidative de- 
carboxylation of pyruvate by heart slices and homogenates was indicated 
by the work of Olson & Stare (142). 

Acetaldehyde oxidation by enzymes from Clostridium kluyveri presents 
an interesting analogy to the above pyruvate oxidation system. Here, in 
the presence of phosphate, acetaldehyde yields acetyl phosphate (143). In 
the absence of phosphate, acetaldehyde can be oxidized on addition of oxal- 
acetate and condensing enzyme yielding citrate (144). Stadtman has recently 
found that acetaldehyde oxidation in C. kluyveri requires CoA and DPN and 
shown that the reaction, acetaldehyde + DPN*++CoA@acetyl CoA+DPNH 
+Ht, is reversible (145). An identical acetaldehyde oxidation system is pres- 
ent in E. coli (strain B) (146). Thus it appears that in the above system 
acetaldehyde is oxidized to acetyl CoA which can react further as shown in 
the pyruvate oxidation scheme. 

The fact that at least two enzymes are required for reaction (a) in the 
above scheme suggests the occurrence of two or more intermediate reactions. 
The following sequence might be operative: 


(a) pyruvate+ X =2acetaldehyde-X+CO, 
(b) acetaldehyde-X +CoA =acetaldehyde-CoA+X 
(c) acetaldehyde-CoA+DPN+=acetyl-CoA+DPNH+H+* 


Reaction (a) might be a common step in pyruvate oxidation and in acetoin 
synthesis [cf. (129)] while reaction (c) might be a common step in pyruvate 
and acetaldehyde oxidation. Some support for this idea is found in the ob- 
servation (147) that addition of pyruvate and acetaldehyde to E. coli fraction 
A results in the production of small amounts of acetoin while C. kluyveri 
extracts can replace the E. coli fraction B to yield acetyl CoA from pyruvate 
and CoA in the presence of fraction A. The E. coli fractions, separately or 
combined, are unable to decarboxylate pyruvate to acetaldehyde or to oxi- 
dize the latter compound (140). However, fraction A (but not fraction B) 
catalyzes a slow exchange of CO, with the carboxyl group of pyruvate pro- 
vided diphosphothiamine is added. Added CoA has no effect on this exchange 
(147). This is further support for Reaction (a) and suggests that X might be 
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diphosphothiamine. Reaction (5) is completely hypothetical but some such 
reaction would have to mediate the diphosphothiamine-dependent decar- 
boxylation and the CoA-dependent oxidation. If Reaction (a) is indeed com- 
mon to pyruvate oxidation and acyloin-forming systems one would expect 
that synthesis of acyloin brought about by addition of aldehydes along with 
pyruvate, would result in a corresponding decrease of the amount of pyruvate 
oxidized. Such a result has been reported by Schweet ef al. (148) with a 
pyruvate oxidase from pigeon breast muscle which has been isolated and 
purified in D. E. Green's laboratory. In the presence of artificial electron 
acceptors (e.g., ferricyanide) this preparation oxidizes pyruvate to acetate 
and COs:. The preparation could be coupled with DPN- and CoA-dependent 
systems (148). Although physical studies showed the purified enzyme to be 
homogeneous, with an estimated molecular weight of four million, it is un- 
likely that pyruvate oxidation by this preparation is the result of the activity 
of a single enzyme. 

That yet another coenzyme may be involved in pyruvate oxidation is 
indicated by the studies of O’Kane & Gunsalus who demonstrated a new 
factor in liver and yeast required for the oxidation of pyruvate by deficient 
cells of Streptococcus faecalis (149). This pyruvate oxidation factor, now rec- 
ognized as identical with the acetate-replacing factor of lactic acid bacteria 
and with a liver fraction (protogen) essential for the growth of Tetrahymena 
geleii, has been obtained in crystalline form from liver and named a-lipoic 
acid. The compound has an easily reducible group and gives a positive test 
for SH after cyanide treatment; its empirical formula is CsH1,S,02 (150). 
Protogen has also been crystallized from liver as the S-benzylthiuronium 
salt; the free acid contains 30 per cent sulfur (151). 

The enzyme which activates acetyl phosphate as acetyl donor, phospho- 
transacetylase, has been extensively purified from extracts of C. kluyveri by 
Stadtman et al. (135). There is now direct evidence that the enzyme catalyzes 
the reaction acetyl P+CoA@acetyl CoA+P (139). In the presence of arse- 
nate, acetyl phosphate is split to acetate and orthophosphate, the rate of 
“‘arsenolysis” being proportional to the concentration of both phosphotrans- 
acetylase and CoA. The mechanism of arsenolysis is visualized as the phos- 
photransacetylase-catalyzed cleavage of acetyl CoA by arsenate to yield 
acetyl-arsenate which undergoes spontaneous hydrolysis. 

Although the participation of CoA in the enzymatic formation of ‘‘active 
acetate’’ from acetate and ATP first led to the recognition of the role of this 
coenzyme in transacetylations, and although there is now little doubt that 
this reaction forms acetyl CoA, its mechanism remains obscure in the case of 
yeast and animal tissues. In E. coli and some other bacteria it has been estab- 
lished that the reaction involves two enzymatic steps as follows (129, 133); 

(a) acetate+ATP=acetyl phosphate+ADP (acetokinase) 

(b) acetyl phosphate+CoA@acetyl CoA+phosphate (phosphotrans- 

acetylase) 


(c) Sum: acetate+ATP+CoA@acetyl CoA+ADP+ phosphate 
However, yeast and tissue extracts, which catalyze a reaction similar to (c), 
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lack acetokinase and phosphotransacetylase. Conceivably these two enzy- 
matic activities might reside in a single protein (‘‘double-headed” enzyme) 
so that acetylphosphate would not exist as a free intermediate. An alternate 
possibility, suggested by Lynen et al. (130), is the phosphorylation of CoA 
by ATP (to R—S—PO3H:) followed by the exchange of the phosphate for 
acetate. 

The acetate-ATP reaction provides a means of utilizing phosphate bond 
energy generated in oxidations to activate free acetate as an acetyl donor. 
In this connection it is relevant that with enzymes isolated from liver and 
yeast acetate is the product of acetaldehyde oxidation. Thus, a highly puri- 
fied yeast aldehyde dehydrogenase isolated by Black (152), which requires 
Kt and DPN (or TPN) and is activated by cysteine, oxidizes acetaldehyde 
to acetate. Reversibility could not be demonstrated nor could the oxidation 
be coupled with CoA-dependent acetyl acceptor systems. This behavior is 
similar to that of the DPN-specific liver aldehyde dehydrogenase of Racker. 

The reactions of fatty acids and B-keto fatty acids leading to the genera- 
tion of acetyl CoA have been reviewed by Barker (153). 

Mechanism of carbonyl oxidation.—The studies discussed in the preceding 
sections clearly show that phosphate plays a secondary role in the biological 
oxidation of acetaldehyde and pyruvate since it is only involved in a phos- 
phorylytic cleavage of the acyl-mercaptide bond of acetyl CoA forming 
acetyl phosphate when phosphotransacetylase is present. This bond can also 
be cleaved enzymatically by oxalacetate to form citrate, by other acetyl 
acceptors, and possibly by water to form acetate. Lynen’s discovery that SH 
is the active group of CoA and the fact that this coenzyme is essential for 
acetaldehyde and pyruvate oxidation establishes the direct participation of 
SH rather than phosphate in these processes, the energy of oxidation being 
largely preserved in the acyl-mercaptide bond. The role of SH is further 
stressed by Cavallini’s (154) important finding that when reduced gluta- 
thione (GSH) is oxidized in the presence of copper ions there occurs a coupled 
oxidative decarboxylation of pyruvate added to the system. For his chemical 
model Cavallini postulates the oxidation of a GSH-pyruvate addition prod- 
uct as follows: 


CH; CH; 
| + GSH + O: 
GSH + CO —-- arene ———_———~ GS—SG + CH;—COOH + CO: + HO 
COOH COOH 


A similar addition product of CoA and an acetaldehyde derivative formed 
from pyruvate with the participation of diphosphothiamine (cf. reactions on 
page 567), is also postulated by Lynen et al. (130) for the enzymatic oxidation 
of acetaldehyde to acetyl CoA as indicated below. 


CH; CH; CH; CH; 
l l —CO, l -2H | 
HOOC—C + HS—R — HOOC—C—S—R ——— H—C—S—R ———> C—S—R 


O OH OH oO 
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The direct participation of SH groups in enzymatic carbonyl oxidation 
generally has been emphasized by Racker’s elegant analysis of the glyoxalase 
system (155) which, as Lohmann had shown in 1932, specifically requires 
reduced glutathione (GSH) as coenzyme. Racker isolated and purified two 
enzymes (glyoxalase I and II) from yeast and liver both of which are required 
for the conversion of methylglyoxal to lactic acid. Glyoxalase I catalyzes the 
condensation of methylglyoxal with GSH. Glyoxalase II catalyzes the hy- 
drolysis of the condensation product to lactic acid and GSH. Since the inter- 
mediate has a strong absorption band at 240 my, its formation and removal 
can be followed spectrophotometrically. Like acetyl CoA and other acylated 
mercaptans it is stable in acid but it is hydrolyzed in alkali (yielding GSH 
and lactic acid), and it reacts with hydroxylamine at acid pH to yield a 
hydroxamic acid (156). Racker (155) has formulated the over-all reaction 
as in the sequence below where (b) and (d) might be the reactions specifically 





CH; CH; Cc CH; 
| d + GSH d d + H,0 | 
C:0 = = ‘wally ada ss: ethers 
CHO C:0 : a C:0 COOH 
SG bo 
(a) (0) (c) (d) 


catalyzed by glyoxalase I and II respectively. Whether the above formula- 
tion is or is not correct in its details, it is clear that the internal oxidation- 
reduction involved in the formation of lactic acid from methylglyoxal pro- 
ceeds through a thiol ester intermediate. 

There is now evidence that SH is also directly involved in the enzymatic 
oxidation of p-glyceraldehyde-3-phosphate. Glyceraldehyde phosphate de- 
hydrogenase requires SH groups for its action and as postulated by Racker 
(155) the energy-rich phosphate bond of 1,3-diphosphoglyceric acid might be 
generated by phosphorolysis of an 


Oo 
R—S—C—R’ 


bond much as acetyl phosphate is generated by phosphorolysis of the corre- 
sponding bond in acetyl CoA through the action of phosphotransacetylase. 
Harting’s finding (65) that crystalline glyceraldehyde phosphate dehydro- 
genase can oxidize acetaldehyde to acetyl phosphate strongly suggests a 
functional similarity between this enzyme and the aldehyde dehydrogenase- 
phosphotransacetylase system and gives support to the above idea. Glycer- 
aldehyde phosphate dehydrogenase contains glutathione as a firmly bound 
prosthetic group (156). A phosphotransacetylase-like action of crystalline 
glyceraldehyde phosphate dehydrogenase is further suggested by experi- 
ments demonstrating (a) the arsenolysis of 1,3-diphosphoglycerate (gener- 
ated from ATP and 3-phosphoglycerate in the presence of Biicher’s trans- 
phosphorylating enzyme) and of acetyl phosphate under conditions (poison- 
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ing with iodoacetate) which exclude the occurrence of oxidation-reduction, 
and (6) the formation of S-acetyl glutathione from either acetaldehyde+ 
DPN or acetyl phosphate (156). Synthesis of citrate from acetyl phosphate 
and oxalacetate, in the presence of CoA, crystalline condensing enzyme, and 
crystalline glyceraldehyde phosphate dehydrogenase, has also been obtained 
(157). It is tempting to speculate that the dehydrogenase embodies in a 
single protein melecule the properties of both the DPN-dependent, CoA- 
linked aldehyde dehydrogenase and phosphotransacetylase, with firmly- 
bound glutathione, rather than CoA, as prosthetic group. It thus appears 
very likely that most enzymes catalyzing the oxidation of aldehyde and keto 
groups to carboxyl groups operate through basically identical mechanisms 
with sulfhydryl as the catalytically active group. The inhibitory effect of 
certain SH reagents (iodoacetate, arsenite) and the need for cysteine or other 
thiols to maintain the integrity of the readily-oxidized active SH groups be- 
come understandable in more precise terms than was hitherto possible. The 
maintenance of these groups in a reduced state may be one of the main 
functions of glutathione reductase, the enzyme recently discovered in plant 
and animal tissues (158, 159, 160) which catalyzes the reduction of oxidized 
glutathione by reduced TPN. 

Other reactions of the cycle-——The concept that citric acid reacts asym- 
metrically in its conversion to isocitric acid by aconitase has received further 
experimental support. Martius & Schorre (161) have synthesized d,l-, d-, and 
1, a,a-dideuterocitric acids by oxidation of the corresponding oxalocitramalic 
acids with D,O, in the presence of D,O. The d- and /- acids had opposite 
specific rotations of about 1° in water, but the [a].2.% of their molybdate com- 
plexes was +31.9° and —33.6° respectively. This is the first case where opti- 
cal activity has been obtained through the asymmetry introduced by substi- 
tution of deuterium for hydrogen. The racemic and the optically active citric 
acids were converted enzymatically (pigeon breast muscle brei) to a-keto- 
glutaric acid and the latter was isolated as the 2,4-dinitrophenylhydrazone 
(162). The racemic deuterocitrate yielded a-ketoglutarate with exactly half 
the deuterium content of the starting citrate. The /-deuterocitrate yielded 
a-ketoglutarate with the full deuterium content whereas the d-compound 
yielded a-ketoglutarate with no deuterium. These interesting results can be 
explained as indicated in the scheme on page 572 where the asterisk indicates 
the B-carboxyl of the oxalacetate moiety of oxalocitramalate and citrate. 
An asymmetric reaction of deuterocitrate could also have occurred in two 
other ways (162): (a) by reaction of the —CH,;—COOH, to the exclusion of 
the —CD,—COOH groups, in which case the ketoglutarate should always 
have contained 100 per cent of the original deuterium, or (b) through one of 
the stereoisomeric deuterocitrates not being attacked at all, in which case 
one of them would have yielded no a-ketoglutarate. Full details of the work 
of Wilcox et al. [cf. (6)] on the chemical synthesis of an “‘asymmetric’’ C'*- 
citric acid and its enzymatic behavior have been published (163). 

In conjunction with other isotope experiments the work of Martius & 
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/-oxalocitramalic acid d-oxalocitramalic acid 
OH OH 
* | 
COOH-CH2-C-CH2-CO-COOH COOH-CO-CH»-C-CH2-COOH 
COOH + D0 COOH 
+ D202 
/-deuterocitric acid 2 d-deuterocitric acid 
OH OH 
COOH Cig f-Cy- COOH COOH-CD2-C-CH2-COOH 
HH OOH 
[aconitase } 
COOH-CHOH-CH-CD)-COOH COOH-CDOH-CH-CH,-COOH 
coo OOH 
. [isocitric dehydro- 
genase: - 2H] 
COOH-CO-CH2+CD2*COOH + CO, COOH -CO-CHg-CH2-COOH + CO, 


Schorre suggests that the citric acid synthesized biologically is of a configura- 
tion such as would be derived from /-oxalocitramalic acid and indicates that 
the —CH:—COOH group of this acid which is attacked by aconitase is the 
one derived biologically from oxalacetate (cf. above scheme). Incidentally, 
the breakdown of citrate catalyzed by the condensing enzyme in the presence 
of CoA also proceeds in asymmetric fashion. Thus, citrate equally labelled 
with C in the two carboxyls of its oxalacetate moiety yielded oxalacetate 
equally labelled in each carboxyl (136). The isotopic citrate used in these 
experiments was synthesized by Aspergillus niger in the presence of glucose 
and CO, and the position of the label established by enzymatic degradation. 
Similar labelling of citrate formed by A. niger under analogous conditions 
was obtained by Lewis & Weinhouse (164), Martin & Wilson (165), and 
Carson et al. (166). 

The work of Dickman & Cloutier (167) suggests that Fe*+ may be an 
active group of aconitase. The enzyme, known to be unstable and shown 
(Krebs & Eggleston, 1944) to be very sensitive to cyanide, is slowly reacti- 
vated by Fe** in the presence of cysteine. The role of cysteine seems to be 
dual: to keep the SH groups of the enzyme and the Fe** reduced. Inhibition 
of the enzyme by o-phenanthroline and a,a-dipyridyl is counteracted by 
excess Fe*t, It is suggested that a tricarboxylic acid-Fet*-protein complex 
may be involved in aconitase action. 

The mechanism of fluoroacetate inhibition of citrate metabolism has been 
clarified by recent studies of Peters and collaborators. The fluorotricarboxylic 
acid fraction isolated from fluoroacetate poisoned kidney homogenates and 
shown to be very active in inhibiting citrate utilization (168) has now been 
crystallized (169). The crystals contain 1 atom of fluorine per molecule but 
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it has not yet been ascertained whether the acid is citric or isocitric. 1.24 ug. 
of this material can inhibit the utilization of as much as 4 micromoles of 
citrate. Lotspeich et al. (170) have now definitely established that the fluoro- 
tricarboxylic acid, which has no action on isocitric dehydrogenase, inhibits 
the reversible conversion: citrate@isocitrate by soluble aconitase prepara- 
tions. It is therefore evident that tissues can to some extent utilize fluoro- 
acetate to form a fluorotricarboxylic acid which is a potent inhibitor of 
aconitase. The question whether aconitase is one or two enzymes is still de- 
bated. On the basis of recent kinetic experiments Martius has reiterated his 
belief that aconitase is a single enzyme (171). It seems, however, that only 
complete purification will give the final answer. 

Kornberg & Pricer (172) have published a detailed study of the proper- 
ties of the two isocitric dehydrogenases isolated from yeast [cf. (6)]. The 
DPN-specific, adenylic acid-activated-enzyme differs from the TPN-enzyme 
not only in its failure to catalyze the synthesis of isocitrate from a-keto- 
glutarate and COsz, but also in its inability to catalyze either the decarboxyla- 
tion or the reduction of oxalosuccinate. The TPN-specific isocitric dehydro- 
genase of heart and kidney is not inhibited by monosubstituted arsenicals 
like arsenite and lewisite (which are strong inhibitors of pyruvate oxidation) 
nor, contrary to previous reports, by iodoacetate (173). However, disubsti- 
tuted arsenicals like diphenylchloroarsine (which do not affect pyruvate 
oxidation) strongly inhibit isocitric dehydrogenase. It is suggested that the 
enzyme contains thiol groups which can form stable monothioarsinites but 
not dithioarsinites. Martius (174) has found that liver minces convert citrate 
anaerobically to a-hydroxyglutarate and succinate. This suggests the occur- 
rence of dismutations involving isocitric, a-hydroxyglutaric, and a-keto- 
glutaric dehydrogenases. 

Kaufman (175) has obtained from pig heart soluble enzyme fractions 
which catalyze the anaerobic dismutation, 2-a-ketoglutarate + N H;—suc- 
cinate+CO.+L-glutamate and thus contain a soluble a-ketoglutaric dehy- 
drogenase. He established that the above reaction requires DPN and CoA. 
Thus the mechanism of oxidation of a-ketoglutarate resembles that of pyru- 
vate and probably involves the intermediary formation of succinyl CoA. 
This possibility is strengthened by Sanadi & Littlefield’s observation that 
oxidation of a-ketoglutarate by a soluble oxidase prepared from pigeon 
breast muscle, in the presence of CoA and the sulfanilamide-acylating en- 
zyme of pigeon liver, leads to the formation of succinyl] sulfanilamide (176). 
The participation of an active succinyl derivative in porphyrin synthesis is 
strongly suggested by the studies of Shemin & Wittenberg (177). Further 
work in Green’s laboratory has confirmed the requirement of DPN and CoA 
for a-ketoglutarate oxidation and demonstrated the reduction of DPN by 
a-ketoglutarate spectrophotometrically (178). Thus the participation of 
pyridine nucleotides as electron carriers in the oxidation of pyruvate and 
ketoglutarate is now firmly established. The question had remained unde- 
cided for many years insofar as oxidation of the keto acids was only obtained 
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in the presence of particulate tissue preparations which appear to contain a 
sufficient amount of ‘‘bound”’ pyridine nucleotides. The occurrence of oxida- 
tive phosphorylation and its relation to CoA in Kaufman’s system will be 
discussed in the section on coupled phosphorylation. 

Massey (179) has crystallized fumarase from pig heart, the second en- 
zyme of the Krebs cycle to be so isolated. The molecular weight of the 
enzyme, which showed a single peak on electrophoresis and ultracentrifuga- 
tion, is about 224,000. On this basis the turnover number for the conversion 
of fumarate to malate is over 100,000 (moles/min./mole protein) at pH 7.3 
and 20°. This preparation is about 25 times more active than the best prepa- 
rations of Laki and Laki. An ancillary enzyme of the cycle, L-glutamic de- 
hydrogenase, has been crystallized from ox liver independently by Olson 
(180) and Strecker (181). Recknagel e¢ al. (182) suggest that this enzyme is 
responsible for the ketogenic effect of NH,Cl in rat liver slices and homoge- 
nates oxidizing pyruvate. Through reductive amination of a-ketoglutarate 
to glutamate the amount of oxalacetate regenerated is decreased so that 
metabolism of 2-carbon fragments may be shunted in the direction of aceto- 
acetate synthesis. 

Acetate oxidation in microorganisms.—Studies with isotopic acetate indi- 
cate that the citric acid cycle is a major pathway for acetate utilization and 
citrate synthesis in A. niger. With methyl- or carboxyl-labelled C'-acetate 
Lewis & Weinhouse (183) find that the labelling of citrate is in accord with 
such a view. Similar results were obtained by Carson et al. (166) who used a 
novel combination of enzymatic and chemical methods to degrade the citric 
acid permitting a separate determination of the radioactivity of each of its 
carbons. 

The cycle also appears to be the main oxidative pathway for acetate in 
various bacteria. Work on Pseudomonas and Azotobacter has already been 
mentioned. Ajl et al. (184) found evidence for the oxidation of acetate via the 
Krebs cycle in Micrococcus lysodeikticus where isotopic acetate was incor- 
porated into a-ketoglutarate and other cycle dicarboxylic acids added as 
carriers. Similar results were obtained with Aerobacter aerogenes (185). It 
should be pointed out that while positive results like the above can be re- 
garded as conclusive, failure to obtain incorporation of isotopic acetate into 
cycle intermediates added as carriers, such as has been reported in E. coli 
(186), should be interpreted with caution. In some cases failure of the carriers 
to penetrate the cell membrane may account for the negative results. In 
other cases, even if the carriers enter the cell, they may fail to equilibrate 
with biologicaily formed intermediates if the latter occur mainly as enzyme- 
substrate complexes. The latter possibility is dramatically illustrated by ex- 
periments of Saz & Krampitz (187) with lysed preparations of M. lysodeik- 
ticus oxidizing C'-acetate. While carrier succinate failed to attain the specific 
radioactivity of the evolved CO:, the endogenously formed succinate, di- 
rectly isolated in experiments with large amounts of the bacterial prepara- 
tion, showed almost complete isotope equilibration with the recovered ace- 
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tate. Similar failure of a carrier (pyruvate) to equilibrate with the biological 
intermediate was demonstrated by the studies of Kaufman et al. (to be dis- 
cussed later) with highly purified preparations of ‘‘malic’’ enzyme from 
Lactobacillus arabinosus. 

The significance of the citric acid cycle as a major pathway of acetate 
oxidation has been debated in the case of yeast [cf. (188)] which is known to 
contain the enzymes of the cycle. While the presence of these enzymes in a 
cell may not necessarily reflect the occurrence of the cycle, it is the opinion 
of the reviewers that so long as no other significance can be attributed to this 
group of enzymes, one may presume that the cycle is operative in the cell in 
question. The condensing enzyme is present in extracts of E. coli, Proteus 
vulgaris, Pseudomonas fluorescens, Azotobacter agile, Mycobacterium tuber- 
culosis, and in two strains of bakers’ yeast (133, 134). No condensing enzyme 
was found in extracts of the anerobe Clostridium butylicum (134). Extracts of 
most of the above organisms contain either acetokinase and phosphotrans- 
acetylase or the enzyme system forming acetyl CoA from acetate, ATP, and 
CoA. Thus, they possess the enzymatic apparatus required to form citrate 
from acetate and oxalacetate. 


OTHER REACTIONS OF PYRUVATE AND Two CARBON COMPOUNDS 


Formation of formate—Chantrenne & Lipmann’s demonstration that 
CoA is required for the incorporation of formate into pryuvate (pyruvate- 
formate exchange reaction) by £. coli extracts has been confirmed by 
Strecker (189) who also found stimulation by diphosphothiamine and Mn*". 
The latter two cofactors are known to be involved in the conversion of 
pyruvate to acetyl phosphate and formate catalyzed by the same extracts 
in the presence of phosphate. This so-called phosphoroclastic reaction would 
proceed via acetyl CoA. Since the phosphotransacetylase reaction is so read- 
ily reversible it is surprising that acetyl phosphate is incorporated into 
pyruvate very slowly, if at all, while formate incorporation is very rapid 
[cf. (189)]. Thus, the relation, of any, between the formate exchange and the 
phosphoroclastic reactions is obscure. 

Formation of acyloins —There appear to be two main mechanisms for the 
formation of acyloins from pyruvate [cf. (129)] both involving the formation 
of an acetaldehyde-coenzyme (possibly acetaldehyde-diphosphothiamine) 
intermediate. This compound can be split (a) by another molecule of alde- 
hyde to yield coenzyme plus the corresponding acyloin, (6) by pyruvate to 
yield coenzyme plus a-acetolactate which is decarboxylated by a separate 
enzyme to acetylmethyl carbinol and CO; (Watt & Krampitz, Juni). It has 
been assumed (129) that the action of carboxylase involves direct splitting 
of the acetaldehyde-coenzyme intermediate. 

Singer & Pensky (190) find that a highly purified, homogeneous prepara- 
tion of wheat germ carboxylase supplemented with diphosphothiamine and 
Mnt*+, catalyzes both the decarboxylation of pyruvate to acetaldehyde and 
the synthesis of acetoin. The latter was most rapid when both pyruvate and 
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acetaldehyde were added. The preparation also formed acetoin from acetalde- 
hyde alone. This was interpreted as indicating that the acetaldehyde-co- 
enzyme intermediate can be formed from both pyruvate and acetaldehyde. 
Filarial homogenates form acetoin from either acetaldehyde alone or pyru- 
vate plus acetaldehyde (191). The conversion of pyruvate to acetoin occurs 
via acetolacetate in extracts of S. faecalis (192) and probably in L. plantarum 
(193) and L. arabinosus cells (194). Rowatt’s finding (193) that acetoin syn- 
thesis is not impaired in pantothenate deficient cells is further evidence that 
CoA is not involved in acyloin synthesis. 

Formation of propionate——A complete report of the work of Johns on the 
formation of propionate by the rumen microorganism Veillonella gazogenes 
[cf. (129)] has appeared (195). From the experimental results Johns concluded 
that lactate is converted to propionate through the following reactions: 
lactate >pyruvate—oxalacetate—malate—fumarate—succinate—propionate 
+CO,. While intact cells convert succinate almost quantitatively to 
propionate and CO,, the reaction can not be obtained in cell-free extracts. 
Thus, it remains undecided whether propionate is formed by direct decarbox- 
ylation of succinate or by some indirect mechanism. In view of this the 
mechanism of the slow incorporation of isotopic propionate or CO, into suc- 
cinate by propionic bacteria (196) may be indirect. 

Metabolism of two-carbon acids——Weinhouse & Friedmann (197) find 
that isotopic glycolate and glyoxylate are converted to CO, and glycine in 
the rat. Direct oxidation of acetate via these compounds appears excluded 
by. the failure of acetate to be converted to glycine. Oxalate was not metabo- 
lized. Oxidation of glycolic to glyoxylic acid is catalyzed by an enzyme iso- 
lated from tobacco leaves by Tolbert, Clagett & Burris in 1949. This enzyme 
has been further purified by Zelitch (198) from spinach and found to be a 
flavoprotein. The presence of the enzyme in liver is indicated by recent 
work of Kun (199). There is evidence that glyoxylic acid is converted to 
glycine by transamination. 


COUPLED PHOSPHORYLATION 


Fundamental advances during the past year include the clear-cut demon- 
stration of the coupling of phosphorylation with the oxidation of DPNH by 
molecular oxygen, the establishment of phosphorylation at the substrate 
level coupled with a-ketoglutarate oxidation, and the clarification of the 
number of phosphate bonds generated in each oxidative step of the Krebs 
cycle. There is now general agreement that the maximum average P/O ratio 
(molecules of phosphate esterified per atom of oxygen consumed) during 
pyruvate oxidation is 3.0. This over-all ratio can now be broken down step- 
wise with reasonable assurance as shown in Table I [cf. (200)]. 

Role of phosphate acceptors Although the coupling of phosphorylation 
with respiration is a loose one there is evidence that the rate of oxidation 
may to some extent be dependent on the rate at which phosphorylation can 
take place. Thus, with freshly prepared mitochondria the rate of oxygen 








CARBOHYDRATE METABOLISM 57 


~~! 


TABLE I 
PHOSPHATE BOND GENERATION IN THE Citric Acip CYCLE 

~ph bonds 
generated 

(a) pyruvate+oxalacetate-+ DPN —citrate +CO2+DPNH: 0 

(a’) DPNH;+1/20:—-DPN +H:0 3 

(b) isocitrate+TPN—a-ketoglutarate +CO,+TPNH: 0 

(b’) TPNH:+1/20.—TPN +H:0 3 

(c) a-ketoglutarate ++ DPN -— succinate +CO,.+ DPNH: 1 

(c’) DPNH:+1/20.—DPN +H,0 3 

(d) succinate+1/20.—fumarate+H-.O0 2 

(e) malate+DPN-—oxalacetate+ DPN H. 0 


(e’) DPNH:+1/20:—DPN +H;0 3 


15 
Average P/O=3 


uptake with a-ketoglutarate, pyruvate, glutamate, or caprylate as sub- 
strate was increased as much as two- to threefold by addition of phosphate 
acceptor systems, e.g., glucose and hexokinase (200 to 203), creatine and 
creatine phosphokinase (204), or a nuclear fraction from liver cells (205). 
The last may act by virtue of phosphate ester-splitting activity (205). The 
observation that ageing of mitochondria is associated with an increase of 
their apparent adenosinetriphosphatase (201) and phosphatase (206) activ- 
ity may explain the greater dependence of oxidation by fresh, carefully pre- 
pared mitochondria on phosphate acceptor systems. 

Evidence that ADP and not AMP is the immediate acceptor of phosphate 
bonds generated by aerobic phosphorylation has been presented by Barkulis 
& Lehninger (207), Kielley & Kielley (201) and Krebs et al. (208). The pres- 
ence of myokinase enables AMP to function in these systems. 

Coupling with DP NH oxidation.—Earlier work of Lehninger and his col- 
laborators had shown the occurrence of phosphorylation coupled with the 
DPN-dependent oxidation of B-hydroxybutyrate to aceotacetate as well 
as incorporation of P® into ATP during oxidation of DPNH by molecular 
oxygen in liver mitochondria. While this work strongly suggested that 
phosphorylation can be coupled with electron transfer during oxidation 
of DPNH, it had not been possible to show a phosphorylation of glucose 
or other phosphate acceptors when large amounts of the reduced coenzyme 
were oxidized. This failure was partly due to the presence of inhibitory im- 
purities in the DPNH preparations. With highly purified DPNH Lehninger 
(209, 210) has now succeeded in coupling phosphorylation of ADP with the 
aerobic oxidation of DPNH by rat liver mitochondria. This oxidation was 
very rapid on addition of cytochrome-c and was further increased by pre- 
vious treatment of the mitochondria with distilled water. The conversion 
of DPNH to DPN (determined enzymatically) was almost equivalent to the 
oxygen uptake. The average P/O ratio, measured as P/DPNH ratio, was 
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about 1.5; under similar conditions the P/O ratio of B-hydroxybutyrate 
oxidation was also 1.5. Thus, it appears that all the phosphorylation in the 
latter case is associated with electron transfer from DPNH generated by 
oxidation of the substrate. Kennedy & Lehninger (211) found that DPNH 
can replace Krebs cycle intermediates as “‘primer”’ of octanoate oxidation by 
liver mitochondria. This supports the idea that aerobic phosphorylation is 
involved in the ‘‘priming”’ mechanism. 

The mechanism of the phosphorylation coupled with electron transfer 
remains obscure. Much work has been done with so-called “uncoupling” 
agents such as dinitrophenol (DNP), which specifically eliminate phos- 
phorylation while permitting oixdation to continue, in the hope of throwing 
light on the coupling mechanism. It is generally assumed that labile phos- 
phorylated intermediates are formed which ultimately transfer the phos- 
phate to ADP, and that “‘uncoupling” agents cause splitting of such hypo- 
thetical intermediates. Hunter’s observation (200) that DNP causes an in- 
crease in apparent adenosinetriphosphatase activity of mitochondria may 
support such a view if one assumes that the hypothetical phosphorylated 
intermediates are in equilibrium with ATP. Using O"*-labelled orthophos- 
phate Cohn (212) found that during a-ketoglutarate oxidation by liver 
mitochondria, 90 per cent of the O" originally present in the orthophosphate 
was replaced by O", indicating that formation and cleavage of an oxygen- 
phosphorus linkage had occurred. Since DNP abolished the O' exchange, 
this reaction must be connected with the phosphorylation coupled to electron 
transfer (see below). It is difficult to reconcile this result with the idea that 
DNP acts by splitting phosphorylated intermediates, for in this case the O'* 
exchange should not be affected. Further progress will probably require iso- 
lation of the labile systems involved. In this connection it is of interest that 
Pinchot & Racker (146) have obtained soluble enzymes from E. coli which, 
in the presence of hexokinase and ATP, mediate a phosphorylation of glucose 
coupled with the oxidation of ethanol by the DPN-linked alcohol dehydro- 
genase. 

Phosphorylation at substrate level—Unlike the phosphorylation accom- 
panying other pyridine nucleotide-linked oxidations, that which occurs during 
aerobic oxidation of a-ketoglutarate by mitochondrial preparations is not 
completely eliminated by DNP (200, 213, 214, 215). That this DN P-resist- 
ant phosphorylation is associated with the conversion of a-ketoglutarate to 
succinate, and not with the oxidation by oxygen of the DPNH so generated, 
is shown by the demonstration that phosphorylation coupled with the 
anaerobic dismutations of a-ketoglutarate is not inhibited by DNP (213, 
214). Further proof is provided by the fact that the P/O ratio for a-keto- 
glutarate oxidation has been found consistently to be higher than that for 
oxidation of other intermediates of the Krebs cycle. 

Some insight into the mechanism of the phosphorylation occurring during 
the conversion of a-ketoglutarate to succinate has been gained through the 
work of Kaufman (175). The DPN- and CoA-dependent dismutation of 
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a-ketoglutarate catalyzed by the soluble heart preparations mentioned ear- 
lier can bring about phosphorylation of glucose when supplemented with 
ATP and hexokinase. This phosphorylation is completely insensitive to 
iodoacetate thus excluding interference by glycolytic reactions. The further 
interesting observation was made that the same enzyme preparation cata- 
lyzes the liberation of orthophosphate from ATP provided that succinate and 
CoA are added. Acetate does not replace succinate. These results might be 
explained by the following reactions (175): 


(a) a-ketoglutarate-+ DPN*++ CoA —succinyl CoA+CO.+ DPNH+Ht 
(a’) a-ketoglutarate-+ NH;+DPNH+H*—glutamate+DPNt 

(b) succinyl CoA+H,0 —-succinate+CoA 

(c) succinyl CoA+ADP-+ P2succinate+CoA+ATP 


Reaction (a) is similar to that proposed for pyruvate oxidation (140). Reac- 
tion (c), from right to left, is analogous to the acetate-ATP-CoA reaction in 
yeast and animal tissues already discussed (pp. 567, 568). Since reactions (a) 
and (c) proceed with catalytic amounts of CoA it must be assumed that suc- 
cinyl CoA can be hydrolyzed [reaction (b)] by an as yet unidentified factor(s) 
in the enzyme preparation. More recently enzymes catalyzing the oxidation 
and phosphorylation steps have been separated (216). 

Pyruvate oxidation may generate energy-rich phosphate by a similar 
mechanism, i.e., through the reaction acetyl COA+ADP+Peacetate+ATP 
+CoA [cf. reaction (c), p. 568]. Indeed, in bacterial systems containing aceto- 
kinase and phosphotransacetylase such phosphorylation of ADP occurs. 
It is possible that it may occur also in yeast and those animal tissues which 
contain the acetate-ATP-CoA system, but this has not been shown. In most 
cases, however, acetyl-CoA is utilized in the synthesis of citrate or aceto- 
acetate (or in other transacetylation reactions) and its energy may not be 
available for generation of phosphate bonds. This is indicated by the experi- 
ments of Barkulis & Lehninger (215) who measured the phosphorylation 
coupled with oxidative conversion of pyruvate to acetoacetate (2 pyruvate 
+0O,.—acetoacetate+2CO.+H-.0) using malonate to block leakage of 
acetyl groups through the Krebs cycle. The fact that DNP completely elim- 
inated phosphorylation by the above system conclusively demonstrated 
that phosphorylation was solely the result of electron transfer during oxida- 
tion of DPNH by oxygen. It has been established by Stadtman e¢ al. (217) 
that two molecules of acetyl CoA are required for the synthesis of one mole- 
cule of acetoacetate. Since the energy requirement of acetoacetate synthesis 
is about 16,000 cal./mole (126), about 10,000 cal. would be liberated. A simi- 
lar situation obtains in the case of citrate synthesis where the reaction be- 
tween one mole of acetyl CoA (~13,000 cal.) and one of oxalacetate liber- 
ates about 8,000 cal. It would appear that, despite its magnitude, this energy 
is not available for phosphate bond synthesis. 

It is now clear that CoA may play a dual role: (a) as a carrier of acetyl 
groups (much as pyridine nucleotides and ADP are carriers of hydrogen and 
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phosphate respectively), (6) as a generator of phosphate bonds. Through the 
second function CoA would participate in the ‘substrate level’’ phosphory- 
lation coupled with the oxidation of a-ketoglutarate and, in some cases, of 
pyruvate. 

P/O ratios—The equivalence of P/O ratios for DPNH and 8-hydroxy- 
butyrate oxidation as found by Lehninger (209) taken in conjunction with 
measurements showing that the P/O ratio for B-hydroxybutyrate oxidation 
approaches but does not exceed 3.0 (204, 207, 214) establishes a P/O ratio 
of 3.0 for oxidation of DPNH generated by cycle oxidations. Although not 
directly determined, a similar ratio for TPNH oxidation may be reasonably 
assumed. The facts that phosphorylation with a-ketoglutarate is consistently 
greater than with other substrates and that it involves as well phosphoryla- 
tion at the substrate level would argue for a P/O ratio of 4.0 in the case of 
this keto acid. Indeed Lardy (204), Judah (214), and Krebs (218) now inde- 
pendently report P/O ratios approaching 4.0 for a-ketoglutarate oxidation. 
For the oxidation of succinate to fumarate, recent measurements by Krebs 
(218) using the rate of incorporation of P* into ATP, result in a calculated 
P/O ratio of approximately 2.0. Thus of the 15 phosphate bonds generated 
by the oxidation of one molecule of pyruvate to CO, and water, 14 arise as a 
consequence of electron transfer and only 1 through substrate oxidation. 
Since oxidation of triose phosphate to pyruvate generates 5 phosphate 
bonds (1 from triose-P oxidation, 3 from electron transfer and 1 from phos- 
phopyruvate) a total of 20 per triose phosphate molecule, or 40 per molecule 
of hexose diphosphate is likely. 

Attempts to localize the phosphorylation steps in the reaction sequence 
DPNH+H*t+1/20.—DPN++H.0 have so far encountered many diffi- 
culties. Slater [cf. (6)] was able to substitute cytochrome-c for O. as oxidant 
in a-ketoglutarate oxidation by heart particles and found the same P/O 
ratio as with O2. The tentative conclusion that phosphorylation occurs only 
below the level of cytochrome-c is unlikely since it is difficult to visualize 
that 3 phosphate bonds (~36,000 cal.) can be generated within the potential 
span between the DPN*—DPNH+H? and the Fe** —Fet** cytochrome-c 
systems, corresponding to about 26,000 cal. It is of interest that, while it has 
not been possible to demonstrate phosphorylation accompanying aerobic 
oxidation of hydroquinone, p-phenylenediamine, glutathione, or cysteine, 
some phosphorylation has been obtained by Friedkin and Lehninger (219) and 
by Judah (214) during the oxidation of ascorbic acid by the cytochrome-c- 
cytochrome oxidase system. 

Aerobic phosphorylation and the Pasteur effect—The fact that some sub- 
stances such as DNP, phenosafranine, and diazine green which inhibit the 
Pasteur effect (i.e., the aerobic decrease of the rate of sugar utilization) also 
“uncouple”’ aerobic phosphorylation has stimulated speculation on a pos- 
sible correlation between these two phenomena (220 to 223). In this con- 
nection the experiments of Lynen & Koenigsberger (223) are particularly 
interesting. These workers studied the effect of DNP on the Pasteur effect 
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and on aerobic and anaerobic phosphorylation in suspensions of living yeast 
cells with glucose as substrate. Phosphorylation per molecule of glucose con- 
sumed was about six times greater aerobically than anaerobically. Concen- 
trations of DNP which had no effect on respiration or anaerobic fermenta- 
tion [cf. (224)] caused an immediate rise of the aerobic CO, evolution to the 
anaerobic level, indicating complete blocking of the Pasteur effect. This con- 
centration of DNP strongly inhibited but did not eliminate aerobic phos- 
phorylation; anaerobic phosphorylation was not affected. Thus, while phos- 
phorylation coupled with electron transfer was completely inhibited, ‘“‘sub- 
strate level’’ phosphorylation was undisturbed. Meyerhof & Fiala (220) ob- 
served similar actions of DNP in preparations of yeast which were almost 
completely cell-free and retained a Pasteur effect. While these results (220, 
223) strongly suggest that the Pasteur effect is intimately connected with 
aerobic phosphorylation, the nature of this connection remains to be clarified. 
Lynen & Koenigsberger (224) suggest that the rate of triose phosphate oxi- 
dation may be limited aerobically by the lower levels of phosphate present 
in the cell as a result of the higher phosphorylation per molecule of glucose 
consumed under these conditions. However, the experimentally determined 
levels of phosphate were not significantly different under aerobic and an- 
aerobic conditions. Moreover, since the rate of sugar utilization is much 
lower aerobically, the rate of phosphate uptake might not differ very mark- 
edly under the two sets of conditions. It would then appear more likely that 
the Pasteur effect is brought about by an aerobic decrease in the activity of 
hexokinase through some mechanism connected with the occurrence of 
aerobic phosphorylation, a possibility also considered by Lynen & Koenigs- 
berger. 


CARBON DIOXIDE FIXATION 


Interest in the mechanism of synthesis of dicarboxylic acids by CO* 
fixation and in the biological significance of this reaction has stimulated 
further work on the ‘‘malic’’ enzyme and its relation to oxalacetic carboxy- 
lase, the factors involved in the incorporation of isotopic CO, and pyruvate 
into oxalacetate, and the mechanisms of CO, fixation in photosynthesis. 

‘‘ Malic’’ enzyme and oxalacetic carboxylase-—The identity of the L-malic 
acid formed from pyruvate and CO, by dismutation between the ‘‘malic”’ 
enzyme and glucose-6-phosphate dehydrogenase systems has been confirmed 
by its isolation as the cinchonine salt (225). Kraemer et al. (226) have achieved 
some purification of the TPN-specific ‘‘malic’’ enzyme of wheat germ by 
fractionation with ammonium sulfate and found that the activity is closely 
associated with oxalacetic carboxylase (decarboxylase) activity. Further pur- 
ification of the wheat germ enzyme has been accomplished by Harary & 
Korey (227). The ratio oxalacetic carboxylase/‘‘malic’’ enzyme activity of 
the purified preparation was about 1.0 as had been found with the pigeon 
liver and L. arabinosus enzymes. The enzyme is very unstable and it has not 
been possible to obtain preparations more active than those from pigeon 
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liver. Since the wheat germ enzyme was free of interfering lactic dehydro- 
genase, it was possible to measure the equilibrium constant (K) of the reac- 
tion pyruvate’ +CO.+TPNH*t=2malate~+TPN?*; the average value of K 
was 19 (25°, pH 7.4). Thus, the equilibrium is 15 times more favorable for 
CO, fixation than that of the reaction a-ketoglutarate~-+CO.+TPNHt 
isocitrate™ +TPN* (K =1.3) catalyzed by isocitric dehydrogenase. 

The question whether the activity of the “‘malic’’ enzyme can be dupli- 
cated by a mixture of malic dehydrogenase and oxalacetic carboxylase [cf. 
(129)] has been reopened by Herbert who succeeded in obtaining highly puri- 
fied preparations of oxalacetic carboxylase from M. lysodeikticus. Herbert's 
work has now been published in detail (228). The crystalline (although not 
homogeneous) preparations, representing a 6,000-fold purification of the 
enzyme in the initial extracts, catalyze the decarboxylation of approximately 
100,000 moles of oxalacetate per minute per 100,000 gm. of protein at pH 5.4 
and 30° C. A mixture of this enzyme and malic dehydrogenase catalyzes the 
oxidative decarboxylation of malate to pyruvate and CO, [Reaction (c) be- 
low] much as the ‘‘malic’’ enzyme does but, unlike the ‘“‘malic’’ enzyme, fails 
to bring about the reverse reaction. 


(a) malate+ DPN+*oxalacetate+ DPNH+H? (malic dehydrogenase) 
(Mn*+) 


(b) oxalacetate____’ *pyruvate +CO, (oxalacetic carboxylase) 


(Mnt*) 
(c) Sum: malate+ DPN *Z__~’pyruvate+CO,+ DPNH+H* 





Technical difficulties in obtaining sufficiently high concentrations of CO’ 
may explain the above failure for, contrary to previous assumptions (129: 
228), the free energy change of decarboxylation of oxalacetate ("OOC-CH:2 
-CO-COO-+H,0@HCO;-+CH;:CO-COO-) does not appear to be much 
higher than the —5,250 cal./mole derived from thermodynamic data. From 
equilibrium measurements with wheat germ ‘malic’? enzyme the AF of 
oxalacetate decarboxylation was calculated to be about —6,000 cal./mole 
(227). Herbert’s results leave no doubt that a mixture of highly purified 
malic dehydrogenase and oxalacetic carboxylase does not duplicate the be- 
havior of the ‘“‘malic’’ enzyme. This enzyme provides so far the only means 
by which a net synthesis of dicarboxylic acids (as opposed to isotopic ex- 
change reactions) can be obtained from pyruvate and CO». The nature and 
possible mode of action of the ‘‘malic’’ enzyme have been discussed by Ochoa 
(129) and by Herbert (228). 

In continuation of earlier work of Kalnitsky & Werkman, Kaltenbach 
& Kalnitsky (229, 230) found that large amounts of oxalacetate were formed 
anaerobically by extracts of E. coli and Proteus morganii incubated with 
pyruvate and bicarbonate in high concentrations. Unequivocal evidence was 
presented that the compound formed was oxalacetate. The mechanism of its 
accumulation is obscure but obviously a supply of energy must be required. 
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The marked inhibitory effect of arsenite (230) suggests that energy may be 
provided by pyruvate dissimilation. The following pathway was considered: 


(a) 2 pyruvate+CO,+P—acetyl-P+CO.+ malate 

(b) malate+pyruvate—-OAA-+ lactate 

(c) Over-all reaction: 3 pyruvate +CO.,+P-—acetyl-P+OAA +lactate 
+CO, 





The above sequence involves two dismutations: one mediated by the pyru- 
vate oxidation system and ‘“‘malic’’ enzyme, and the other by malic and 
lactic dehydrogenases; all these enzymes are known to be present in E. coli 
extracts. 

Crane & Ball (231) measured the rate of CO, fixation in animal tissues 
by incubating with pyruvate and C“O, and determining the radioactivity 
of the residual pyruvate. Incorporation of CO, in the carboxyl group of 
pyruvate is believed to occur via the reaction sequence: CO.+pyruvate= 
dicarboxylic acid (malate)=fumarate. The rates of fixation were: pigeon 
liver slices >duck or cattle retina >rat liver or kidney cortex slices or intact 
hemidiaphragm. There was little or no fixation in rat and pigeon heart and 
pigeon breast muscle. In cattle retina (232) the reaction proceeded at a uni- 
form rate in air with pyruvate as sole substrate; anaerobically addition of 
glucose was necessary to maintain uniform rates. Since blocking of glycolysis 
with iodoacetate caused a marked increase in the rate of CO, fixation it was 
suggested that glucose-6-phosphate arising from glycogen is spared by 
iodoacetate for the reduction of TPN and that fixation of CO: under such 
conditions occurs through the ‘malic’? enzyme. Ryley (233) has made the 
interesting observation that anaerobic glucose dissimilation by suspensions 
of Trypanosoma lewisi is markedly stimulated by CO. Per mole of glucose 
utilized, 0.7 mole of CO, was fixed while 0.9 mole of succinic acid and 0.4 
mole of lactic acid were produced. Thus, it appears that a dismutation be- 
tween triose phosphate and pyruvate+CO, is an important glycolytic reac- 
tion in this organism. 

Nossal (234) has demonstrated that K* is required for malate decarboxy- 
lation by malate-adapted cells of L. arabinosus, a finding which has been con- 
firmed with the isolated bacterial ‘‘malic’’ enzyme in this laboratory. Kauf- 
man et al. (235) have further purified the ‘“‘malic’’ enzyme of L. arabinosus. 
Whereas the crude preparations formed pi-lactate from L-malate and con- 
verted D- to L-lactate provided DPN was added, the 70-fold purified prepara- 
tion formed only L-lactate from L-malate. This suggests that p- and L-lactic 
dehydrogenases are originally present in the extract and that racemization 
of lactate occurs here via the following reactions: 


(a) p-lactate+ DPN*+—pyruvate+ DPNH+H?*(p-lactic dehydrogenase) 
(b) pyruvate+DPNH+H*22:-lactate+DPNH? (L-lactic dehydrogenase) 
(c) Sum: v-lactate@1-lactate. 
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Apparently p-lactic dehydrogenase was eliminated on purification. When 
malic acid labelled with C“ in both carboxyl groups was incubated with the 
purified bacterial enzyme, in the presence of carrier lactic and pyruvic acids, 
the ratio of the specific radioactivities of the isolated acids was 15:1 in favor 
of lactic acid. It was, therefore, concluded that pyruvate is not a free inter- 
mediate in the over-all reaction L-malate@lactate+CO. and suggested 
that ‘‘malic’’ enzyme and lactic dehydrogenase may be bound in a complex 
such that intermediary pyruvate is reduced to lactate faster than it pools 
with the pyruvate in solution. 

CO2 incorporation in oxalacetate——The important work of Utter and of 
McManus on the enzymatic incorporation of isotopic CO, in oxalacetate 
available last year as preliminary reports [cf. (6)] has now been published 
in detail (236 to 238), and has recently been reviewed by Utter & Wood 
(239). It should be recalled that ATP is needed for the above incorporation 
in pigeon liver preparations (236, 237) but not in preparations from M. lyso- 
deikticus (238). The precise function of ATP and the reason why it is needed 
in one case and not in the other remain uriexplained. Since the purified 
‘“‘malic’’ enzyme does not catalyze the fixation of COz in oxalacetate even in 
the presence of ATP, the latter reaction in crude liver extracts and partially 
purified preparations thereof (237) cannot involve the ‘‘malic’’ enzyme. 
Also, preparations of M. lysodeikticus, which incorporate CO: in oxalacetate 
(including 150-fold purified preparations made available by Herbert), do 
not contain ‘‘malic’’ enzyme (239, 240). Utter (236) has confirmed previous 
reports from this laboratory that free oxalacetate is not an intermediate in 
the reaction catalyzed by ‘‘malic’’ enzyme and Harary et al. (241) have con- 
firmed Utter’s observation that free malate is not an intermediate in the 
oxalacetate-CO, exchange reaction. It is of interest that on addition of malic 
dehydrogenase and DPN to partially purified preparations of M. lysodeikticus 
oxalacetic carboxylase, in the presence of malate, oxalacetate, pyruvate, and 
C¥O,, CO is incorporated in the B-carboxyl group of malate toa larger extent 
than in the corresponding carboxyl of oxalacetate (241). This mixture thus 
brings about a “malic” enzyme-like reaction conceivably through formation 
of small amounts of some kind of complex between dehydrogenase and carbox- 
ylase but, as already mentioned, it fails to catalyze a net synthesis of malate. 
One must conclude that the enzymatic incorporation of CO, in oxalacetate 
represents only an exchange reaction without net synthesis of dicarboxylic 
acids. The possibility has been considered [cf. (242)] that such an exchange 
might occur through the following reaction: 


OAA+enzyme=CO;+ pyruvate-enzymepyruvate+enzyme. 


The hypothetical pyruvate-enzyme compound might preserve most of the 
energy of the oxalacetate and exchange readily with CO,. Further work of 
Utter (237) indicates that the mechanism of the exchange reaction may be 
even more complex since different protein fractions appear to be involved in 
the incorporation of CO, and of pyruvate in oxalacetate. The exchange reac- 
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tion may have considerable bearing on the intimate mechanism of synthesis 
of dicarboxylic acids from pyruvate and CO». One can conceive that the en- 
zyme fractions catalyzing the exchange may represent either an excess of 
structural components normally integrated into a functional unit such as the 
‘‘malic’’ enzyme or active fragments split from this unit in the process of ex- 
traction. In the opinion of the reviewers there is not sufficient evidence at 
present to assume the existence of two separate pathways, via malate and 
oxalacetate, respectively, for the synthesis of dicarboxylic acids from pyru- 
vate and CO,, since only the ‘‘malic’’ enzyme pathway effects a net synthesis 
of free dicarboxylic acid. 

COs incorporation in acetoacetate—In continuation of previous studies, 
Plaut & Lardy (243) find that C“O, is incorporated in the carboxyl group of 
the acetoacetate generated during the oxidation of crotonate, butyrate, 
caproate, caprylate, heptylate, nonylate, and pyruvate (but not a-hydroxy- 
butyrate and valerate) by rat liver homogenates. The amount of COs, fixed 
is only about 0.2 per cent. The mechanism of this fixation is obscure since 
from thermodynamic considerations (243) direct reversal of acetoacetate 
decarboxylation (AF = — 16,000 cal. per mole) is excluded. Moreover, acetone 
did not increase the fixation. In confirmation and extension of Coon’s work 
(244) Plaut & Lardy found that C“O, is incorporated stoichiometrically into 
the carboxyl group of acetoacetate formed from the isopropyl! group of iso- 
valerate during oxidation of this fatty acid. Experiments with labelled ace- 
tone show that free acetone cannot be involved in this reaction (245). In the 
light of current ideas on the mechanism of fatty acid breakdown (130, 153) 
one may visualize that in the course of isovalerate oxidation acetyl CoA and 
isopropenyl CoA are formed and perhaps CO; fixation occurs in the latter 
compound. However, there are no indications that CoA is involved in CO, 
fixation. The work of Coon and of Plaut & Lardy demonstrates that the iso- 
propyl group of fatty and amino acids can enter the citric acid cycle via ace- 
toacetate. 

Catalysis of B-decarboxylation by metals —Steinberger & Westheimer (246) 
have made an interesting study of the spontaneous and metal-catalyzed de- 
carboxylation of a,a-dimethyl oxalacetic acid (COOH -CO-C(CH3)2: COOH) 
and its monoethyl ester (C2.H;-OOC-CO-C(CHs3)2: COOH). They find that 
cations such as Cut", Al***, Fet* and Fe**", strongly catalyze the decarbox- 
ylation of the former but not that of the latter. Since no enol form of a,- 
a-dimethy] oxalacetic acid is possible, the compound must undergo decarbox- 
ylation in the keto form. Failure of the metal ions to catalyze the decarbox- 
ylation of the ester suggests that in the case of the free acid this catalysis 
involves the formation of a complex between the metal ion and the carboxyl 
in position @ relative to the carbonyl group. The primary decarboxylation 
product is probably the metal enolate of a-ketoisovaleric acid (see reaction 
below). If these conclusions are applicable to oxalacetic acid, the spectra 
observed earlier by Kornberg et al., should be attributed to the metal enolate 

of pyruvate, i.e., the decarboxylation product, rather than to a metal enolate 
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of oxalacetate. It would also be of interest to investigate whether dimethy] 
oxalacetic acid undergoes enzymatic decarboxylation. 


0:C ——C+C(CH3)g*COO” —————> 0:C——C::C(CHg)2 + CO2 


Ne NE 

Photochemical reduction of pyridine nucleotides and CO, fixation.—It has 
now been established in several laboratories that illuminated chloroplasts 
can bring about reduction of DPN and TPN and that, in the presence of 
suitable substrates and enzymes, a number of biological reductions and re- 
ductive carboxylations can follow. Vishniac and Ochoa (247, 248) found that 
small amounts of L-malate or citrate are formed when green grana from 
spinach leaves are illuminated in the presence of small amounts of TPN, 
CO,, and either pyruvate and pigeon liver ‘malic’ enzyme, or a-ketogluta- 
rate, isocitric dehydrogenase and aconitase. Undoubtedly the following re- 
actions take place: 


(a2) HAO+TPN* (or DPN*) (light) 1/2 O.+TPNH (or DPNH)+H* 


(6) TPNH+Ht-+ pyruvate (or a-ketoglutarate) +CO,—.L-malate (or cit- 
rate) +TPNt 





(light, TPN) 
(c) Net Reaction: H,0+pyruvate (ora-ketoglutarate) +CO.—— > 
1/2 O.+1L-malate (or citrate) 





The occurrence of reaction (a) was established by the finding that 1/2 mole 
of oxygen is evolved per mole of pyridine nucleotide reduced (247, 248). 
The above observations received strong support from independent studies 
of Tolmach (249, 250) and Arnon (251). Tolmach found increased O; evolu- 
tion by illuminated spinach chloroplasts on addition of TPN, pyruvate, COs, 
and ‘‘malic’’ enzyme from parsley root. Under these conditions there was 
fixation of C4O,. Arnon obtained marked increases of O, evolution under 
similar conditions using chloroplast preparations from sugar beet and sun- 
flower leaves. Of particular significance was the use of “‘malic’’ enzyme 
preparations derived from the same leaves as the chloroplasts (251). Arnon 
also found that ‘‘malic’’ enzyme is present not in the chloroplasts but in the 
the cytoplasmic fluid. Arnon’s results were recently confirmed by Clenden- 
ning (252) with ‘‘malic’’ enzyme and chloroplasts from parsley leaves. Clen- 
denning found that parsley leaves are a good source of ‘‘malic’’ enzyme; its 
activity, per mg. of chlorophyll in the juice, is as high as that of the Hill re- 
action in spinach chloroplasts (252). It was known from the work of Vennes- 
land and her collaborators that a TPN-specific ‘‘malic’’ enzyme is widely 
distributed in plant tissues. In this connection it is significant that Whatley 
(253) found relatively large amounts of TPN in leaves of several species. 
The amount of DPN was much less. Whatley (254) also found other enzymes 
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involved in COgz fixation, such as isocitric dehydrogenase and aconitase, in 
leaves of several species. Vishniac & Ochoa (247, 248) found that the photo- 
chemical reduction of DPN by spinach chloroplasts can be coupled with 
DPN-linked dehydrogenase systems to bring about the reduction of pyru- 
vate to lactate, oxalacetate to malate, a-ketoglutarate and NH; to gluta- 
mate, and the conversion of 1,3-diphosphoglycerate to fructose diphosphate. 
Fumarate was reduced to succinate when the chloroplast system was sup- 
plemented with an E. coli extract. 

Much remains to be learned on the mechanism of the primary photo- 
chemical reaction and on the intermediate steps in the path of hydrogen 
from water to pyridine nucleotides. Nevertheless, the above results suggest 
that the photochemical reduction of pyridine nucleotides may be an im- 
portant link in effecting reductions and reductive carboxylations in photo- 
synthesis. They also suggest that the reaction catalyzed by ‘“‘malic’’ enzyme 
may be a step normally occurring in photosynthesis. The photochemical 
production of succinate from propionate and CO, demonstrated by Larsen 
(255) in photosynthetic bacteria may represent an over-all reaction one of 
whose steps could be mediated by ‘‘malic’’ enzyme. Involvement of the 
“‘malic’”’ enzyme in photosynthesis is also suggested by experiments of Stutz 
& Burris (256) who, on exposure of leaves from several plant species to 
C40, either during or after illumination, found a particularly high C™ activ- 
ity, both specific and total, in malic acid. 

Coupling of photochemical reaction with generation of phosphate bonds.— 
Since the aerobic oxidation of DPNH by mitochondria generates energy- 
rich phosphate (209) it should be possible to obtain photochemical phos- 
phorylation when illuminated chloroplasts reduce DPN in air in the presence 
of rat liver mitochondria. Indeed under such conditions Vishniac (257) has 
found that a slow incorporation of radioactive phosphate inte ATP in the 
dark is increased three- to five fold on illumination. This suggests that gen- 
eration of phosphate bonds in photosynthesis may occur by the above mech- 
anism. The demonstration by Millerd et al. (258) that mitochondria from 
mung bean seedlings, like animal mitochondria, exhibit aerobic phosphoryla- 
tion coupled with the oxidation of pyruvate via the Krebs cycle shows that 
plants possess the DPNH oxidation-phosphorylation system and strengthens 
the above suggestion. The coupling of the photochemical reduction of pyri- 
dine nucleotides with the oxidative (chemosynthetic) generation of phos- 
phate bonds might bear some relation to the fundamental discovery by War- 
burg and his co-workers (259 to 262) of the cyclic nature of photosynthesis. 
One cycle consists of a photo- and a chemosynthetic (oxidative) phase 
coupled in such a way that each phase maintains the other through oxidation 
of part of an intermediate generated by the light reaction. Warburg (262) 
has discussed the possibility that the energy released during the oxidative 
phase may be made available to the photosynthetic phase, as phosphate- 
bond energy in ATP. 
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METABOLISM OF COENZYMES 


In the absence of a chapter on phosphorus compounds recent advances 
in the metabolism of certain coenzymes of carbohydrate metabolism merit 
discussion here. For a discussion of coenzyme A metabolism the reader is 
referred to the chapter ‘“‘Water-Soluble Vitamins.” 

Adenine nucleotides —The enzymatic mechanism of the phosphorylation 
of adenosine to adenosine-5’-phosphate first described by Ostern in 1937 has 
been elaborated independently by Caputto (263) and by Kornberg & Pricer 
(264). Extracts of yeast, liver, and kidney contain an enzyme, adenosine- 
kinase (or adenosine phosphokinase), which catalyzes the reaction adenosine 
+ATP—adenosine-5’-phosphate+ADP. A partially purified preparation 
from yeast was activated by Mg** or Mn* and stabilized by a thermostable 
yeast factor replaceable by, but not identical with, glutathione (263). The 
purified yeast adenosinekinase also phosphorylates 2-aminoadenosine to 2- 
aminoadenosine-5’-phosphate (264). A myokinase which resembles the 
muscle enzyme in its stability to heat and acid persists in the best prepara- 
tion, so that when phosphopyruvate (three equivalents) and pyruvate phos- 
phokinase are added with catalytic amounts of ADP, adenosine and 2- 
aminoadenosine are quantitatively converted to ATP and 2-amino ATP re- 
spectively (264). A 5’-nucleotidase has been purified from bull seminal 
plasma by Heppel & Hilmoe (265). It splits phosphate from adenosine-5’- 
phosphate, as well as from nicotinamide mononucleotide, uridine-5’-phos- 
phate, cytidine-5’-phosphate and ribose-5-phosphate. These authors (266) 
also describe an enzyme from the same source which splits ATP to adeno- 
sine-5’-phosphate and inorganic pyrophosphate. A similar enzyme had been 
previously demonstrated by Zeller in snake venom. Kaplan et al. (267) have 
isolated a deaminase from takadiastase which hydrolyzes the 6-amino group 
of adenine in ATP to yield inosinetriphosphate. Free adenine and guanosine 
or guanylic acid are not attacked. 

Pyridine nucleotides—The reaction of cyanide with DPN, first noted 
by Meyerhof et al., has been studied by Colowick, Kaplan & Ciotti (268). A 
reversible DPN-CN complex is formed which strongly absorbs light at 325 
my and lacks the contribution of the pyridinium ring to the absorption of 
DPN at 260 my. The analogy between these changes and those occurring on 
reduction of DPN suggests that cyanide adds across the ring double bond. 
The DPN-CN complex is unstable and dissociates rapidly on dilution, re- 
generating DPN. Since, at alkaline pH and with an excess of HCN (1 M) all 
the DPN is complexed, the cyanide reaction can be used to determine 
DPN. However, as other nicotinamide-ribosides also react, this method 
must be checked against the specific enzymatic one. Although relatively 
weak alkali (0.1 to 1.0 N) splits the ribose-nicotinamide bond of DPN, but 
not DPNHz, strong alkali (5 N) acts on DPN and other nicotinamide-ribo- 
sides without cleavage of the bond to form a stable fluorescent product with 
an absorption maximum at 360 my (269). It is thought that addition of 
hydroxyl ion to the double bond of the pyridinium ring results first in forma- 
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tion of a pseudobase (adsorption maximum 340 my) which then rearranges 
to form the fluorescent product. Phosphate was found to accelerate heat 
inactivation of DPN, which splits the ribose-nicotinamide linkage, but no 
evidence of phosphate addition to DPN could be obtained (268). 

An interesting relation between enzyme synthesis and nutrition has been 
revealed in Veurospora by Nason et al. (270). Zinc deficiency causes a marked 
decrease in extractable protein, a large increase in diphosphopyridine nucléo- 
tidase, a disappearance of alcohol dehydrogenase, and a pronounced decrease 
in the enzyme which synthesizes tryptophan from indole and serine. Biotin 
deficiency produces similar changes. Combined zinc and biotin deficiency 
increases diphosphopyridine nucleotidase about 100-fold. Purified diphos- 
phopyridine nucleotidase from Neurospora (271) splits DPN (but not DPNH,2 
monohydroDPN, or nicotinamide mononucleotide) to adenosinediphos- 
phate-ribose and nicotinamide. Unlike the diphosphopyridine nucleotidase 
of brain it is not inhibited by nicotinamide. Both enzymes appear to catalyze 
an hydrolysis. 

The takadiastase deaminase mentioned earlier deaminates DPN to 
desamino DPN. DPNH, 5-adenylic acid and adenylic acid b are also deami- 
nated. The fact that the enzyme does not deaminate either TPN or adenylic 
acid a (267) constitutes further support of the direct demonstration by 
Kornberg & Pricer that TPN contains adenylic acid a (272). Pullman (273) 
has compared the activity of desamino DPN and DPN in biological systems. 
With liver alcohol dehydrogenase, lactic dehydrogenase, and potato pyro- 
phosphatase, the activity ratio desamino DPN:DPN was 1:1; while in the 
case of yeast alcohol dehydrogenase, liver aldehyde dehydrogenase, and 
Neurospora diphosphopyridine nucleotidase, it was 1:10, 1:7, and 1:50 re- 
spectively. 

Kornberg & Pricer (274) have used radioactive pyrophosphate to prove 
that the purified DPN pyrophosphorylating enzyme previously isolated from 
liver catalyzes the reaction: P*-P+4+DPN@NMN-+ P®.P3-P-adenosine. 
The reaction between DPN, P**-P®, and enzyme was allowed to proceed to 
equilibrium, and the ATP isolated. It had the same specific radioactivity as 
the pyrophosphate and by enzymatic degradation the radioactivity was 
shown to reside exclusively in the two terminal phosphate groups. Neither 
DPN nor NMN became labelled. Further, the enzyme did not catalyze an 
exchange of ATP and P*®-P® in the absence of the pyridine nucleotides, 
showing that dinucleotide pyrophosphorolysis does not involve an interme- 
diate adenyl-enzyme complex. 

Leder & Handler (275) have demonstrated that intact human erythro- 
cytes synthesize nicotinamide mononucleotide from nicotinamide in the 
presence of glucose and orthophosphate. Hemolysates were also active. It was 
not possible to establish whether nicotinamide riboside was an intermediate 
in this reaction because added riboside was rapidly destroyed (276). The 
synthesis of nicotinamide riboside from nicotinamide and ribose-1-phosphate 
described by Rowen & Kornberg (101) in extracts of hog liver has already 
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been discussed. Kornberg (272) now reports that these extracts also synthe- 
size nicotinamide mononucleotide from the riboside and ATP. Thus, the 
following pathway of pyridine nucleotide synthesis is established: 


nicotinamide + ribose-1-phosphate 
A + ATP 
— nicotinamide riboside >» NMN — DPN +P -—P. 





The further synthesis of TPN from DPN and ATP is known to occur in a 
variety of tissues (272, 277). 

A novel interaction of pyridine nucleotides has been described by Colo- 
wick, Kaplan & Ciotti (278). Extracts of Pseudomonas fluorescens contain an 
enzyme which catalyzes the reduction of DPN by TPNH as follows: TPNH 
+DPNTPN+DPNH. This reaction could equally well represent phos- 
phate transfer or electron transfer. When desamino-DPN was substituted 
for DPN the product of the reaction was shown to be desamino-DPNH by 
its reaction with yeast alcohol dehydrogenase (279). This excludes the oc- 
currence of phosphate transfer which would result in the formation of de- 
samino-TPN from desamino-DPN. The reaction is difficultly reversible but 
with a 200-fold purified enzyme, some formation of TPNH from DPNH+ 
TPN was demonstrated by coupling the enzyme with the specific TPNH- 
cytochrome reductase and cytochrome-c. A similar reduction of DPN by 
TPNH was observed independently in rat heart particles (280). The signifi- 
cance of the transhydrogenase reaction has still to be determined. An enzyme 
catalyzing the oxidation of DPNH and TPNH by molecular oxygen in the 
presence of methylene blue has been isolated from green peas (281). 

Other nucleotides Kearney & Englard (282) have isolated and purified 
700-fold from brewers’ yeast an enzyme, flavokinase, which catalyzes the 
reaction riboflavin-+-AT P—riboflavin-5’-phosphate (flavin mononucleotide) 
+ADP. A divalent metal (Zn**+, Co**+, Mgt*, or Mn**) was required as 
cofactor. 

UDP glucose, the coenzyme of the transformation of galactose-1-P to 
glucose-1-P, is present in unadapted yeast and is widely distributed in animal 
tissues. Of related significance is the accumulation of uracil-containing com- 
pounds in S. aureus cells treated with penicillin, reported by Park and John- 
son in 1949. Park (283) has now shown that each of these compounds con- 
tains uridine diphosphate attached to an N-acetyl amino sugar to form an 
acetal. In two of the compounds alanine or a peptide residue is bound to the 
amino sugar. This suggests that UDP glucose and related compounds may 
have additional functions not yet determined. Trucco (284) has observed 
the synthesis of UDP glucose in crude yeast Lebedew juice from UDP, glu- 
cose, ATP, and glucose-1-P (or glucose-6-P). The yields were much smaller 
when either ATP or glucose phosphate were omitted. UMP was less active 
than UDP. The synthesis stopped when only 10 per cent of the UDP was 
converted. Kornberg (272) finds that muscle extracts synthesize uridine tri- 
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phosphate (UTP) from phosphopyruvate and UDP. Interestingly, UTP can 
phosphorylate glucose and fructose-6-P with yeast hexokinases, although at 
much slower rates than ATP. 


HORMONES 


Epinephrine and hyperglycemic-glycogenolytic factor——A novel mode of 
hormone action on enzymes has been revealed by the brilliant studies of 
Sutherland & Cori (285) on glycogenolytic agents. Using glucose output by 
rabbit liver slices as an assay procedure the order of glycogenolytic activity 
of sympathomimetic amines was shown to parallel their in vivo activity, 
namely: 1(—)epinephrine >d(+) epinephrine = 1(—)arterenol >d(+)artere- 
nol. Ephedrine was slightly active and benzedrine was inactive. Of the three 
enzymatic reactions involved in the conversion of glycogen to glucose (phos- 
phorylase, mutase, and phosphatase) the phosphorylase reaction was shown 
to be the rate-limiting step by: (a) rate studies of the conversion of G-1-P 
and G-6-P to glucose in slices, and (b) the effect of added crystalline 
phosphorylase and phosphoglucomutase in glycogenolysis in homogenates. 
Furthermore measurement of P® incorporation into ester phosphate showed 
that both epinephrine and the hyperglycemic-glycogenolytic (HG) factor 
increased the concentration of G-1-P (and secondarily G-6-P) in slices, 
suggesting that these glycogenolytic agents increased phosphorylase activity. 
Direct measurements on homogenates prepared from slices preincubated 
without or with epinephrine or HG factor demonstrated that they preserved 
phosphorylase activity, and were capable of restoring this activity rapidly 
when it had fallen to low levels in the slice. An increase in the concentration 
of active phosphorylase in liver by glycogenolytic agents was also demon- 
strated in vivo. The above experiments indicate that the amount of active 
phosphorylase in liver represents a balance between inactivation and re- 
synthesis of the active form. This balance is under hormonal control since 
minute amounts of epinephrine and the HG factor of the pancreas can cause 
a large increase in active phosphorylase in liver slices. These agents seem to 
act by accelerating the resynthesis of active phosphorylase but their precise 
mode of action remains to be determined (286). 

Insulin, anterior pituitary, and adrenal cortical hormones.—By continuous 
intravenous injection of uniformly labelled C'*-glucose into anaesthetized 
rats, Stetten et al. (287) maintained constant levels of specific radioactivity 
of urinary, and presumably circulating, glucose in normal, phlorhizinized, 
and alloxan-diabetic animals. This permitted calculation of the rate of endog- 
enous glucose formation which proved to be the same in normal and 
phlorhizinized, and only slightly higher, in alloxan-diabetic, rats. On the 
other hand, the rate of glucose oxidation (measured as respiratory CO.) was 
markedly decreased in the alloxan-diabetic and phlorhizined rats. These 
studies clearly contradict the glucose overproduction theory of diabetes. 
Glucose oxidation has also been found to be impaired in eviscerated rabbits 
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(288) and depancreatized dogs (289) and to be restored by the administra- 
tion of insulin. 

In vitro studies by Chaikoff and his associates, confirm earlier in vivo 
results that utilization of fructose is not affected by insulin and add support 
to previous evidence that the activity of hexokinase (glucokinase) is under 
insulin control. With uniformly labelled C'-hexoses, Chernick et al. (290) 
found that, while the rate of glucose oxidation was greatly decreased in liver 
slices from alloxan-diabetic rats as compared to normal controls, the rate of 
fructose oxidation was unchanged. This suggested that glucose utilization 
was impaired above the level of fructose phosphate, i.e., either at the hexo- 
kinase or phosphohexoisomerase step. It was further shown that the rate of 
conversion of fructose to glucose was the same in normal and diabetic liver 
slices (291). Since the mechanism of this conversion is not completely es- 
tablished (see p. 554), this finding does not further localize the site of insulin 
action. However, the well-known fact that glycogen breakdown in liver and 
muscle is not impaired in diabetes excludes an effect of insulin on the isomer- 
ase step. 

In 1944 Stetten & Boxer made the fundamental observation that a large 
decrease in the synthesis of higher fatty acids (lipogenesis) from 2- and 3-car- 
bon fragments derived from glucose occurs in diabetes. Later Stetten & Klein 
showed that insulin administration increased hepatic lipogenesis in diabetic 
rabbits. This action of insulin in stimulating lipogenesis was extended to the 
liver slice by Bloch & Kramer (1948) and by Brady & Gurin (1950). Work 
in Chaikoff’s laboratory utilizing C™ labelled compounds and the liver slice 
technique has shown that the diabetic rat liver has a reduced capacity to 
incorporate the carbon of glucose and fructose (290, 291), lactate (292), 
pyruvate (293), and acetate (294) into fatty acids. Insulin therapy in vivo 
restores the capacity of the diabetic liver to synthesize fatty acids. The role 
of insulin in restoring lipogenesis was particularly notable in the case of 
lactate where insulin increased the incorporation of its a- and B-carbons into 
fatty acids as much as 100-fold. The increased lipogenesis from lactate, 
pyruvate, and acetate appeared to be accompanied by a marked depression 
in their oxidation to COs. Thus, insulin seemed to shift the metabolism of the 
“active” 2-carbon fragment from oxidation to synthesis. Balmain et al. (295, 
296) have demonstrated that insulin increases the incorporation of acetate 
carbon into fatty acids in mammary gland slices from lactating rats. Since 
glycerol, like insulin, increased acetate utilization, Qo. and R.Q. of these 
slices, it was suggested that insulin may act by promoting the formation of 
glycerol from glucose. Glycerol would remove the free fatty acids as glycer- 
ides and might indirectly stimulate fatty acid synthesis. 

The question whether the stimulation of lipogenesis by insulin represents 
an independent effect or is secondary to its action on glucose utilization 
cannot yet be answered. The finding by Baker et al. (297) that feeding of a 
high fructose diet to diabetic rats restores the ability of liver slices to synthe- 
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size higher fatty acids from lactate and acetate, but not glucose, suggests 
that the effect of insulin on lipogenesis is indirect. 

Lipogenesis in liver seems to be subject to the same interplay of hormonal 
factors known from in vivo and in vitro experiments to affect carbohydrate 
utilization. Thus, studies of Brady, Lukens & Gurin (298) showed that the 
rate of incorporation of C'*-acetate into long-chain fatty acids by cat liver 
slices was markedly decreased after pancreatectomy and increased after 
hypophysectomy. However, the incorporation was normal in depancrea- 
tized-hypophysectomized (Houssay) cats and almost so in depancreatized- 
adrenalectomized ones. Injection of purified growth hormone into Houssay 
cats and of cortisone into normal rats greatly decreased lipogenesis in the 
liver slice. Insulin, added in vitro, increased lipogenesis by liver slices from 
normal and hypophysectomized rats. This effect was largely abolished by 
prior incubation with growth hormone. 

Frohman et al. (299) find that the concentration of Krebs cycle inter- 
mediates is decreased in the liver and kidney of alloxan-diabetic rats and 
restored to normal by insulin therapy. Because the concentration of lactate 
and pyruvate was unchanged they suggest that aerobic utilization of pyru- 
vate may be impaired in diabetes. Since the level of metabolic intermediates 
depends on a variety of factors it is difficult to evaluate the significance of 
these results. 

The action of hormones on glucose uptake and glycogen synthesis by 
isolated rat diaphragm has been the subject of intense study by Krahl and 
his collaborators, Stadie and his associates, and Ottaway. Interest has been 
largely focussed on the role of the anterior pituitary and adrenal cortical 
hormones. The results of this work may be summarized as follows: 

(a) Glucose uptake or its conversion to glycogen by the isolated rat 
diaphragm, which was known to be stimulated by insulin, is inhibited by 
anterior pituitary and adrenal cortical hormones in the absence or presence 
of insulin. When compared by the technique of prior injection tn vivo, growth 
hormone and cortisone together (but not singly) inhibit glucose utilization 
by diaphragms from hypophysectomized, adrenalectomized or hypophy- 
sectomized-adrenalectomized rats. These effects could not be demonstrated 
by pretreatment of the diaphragm in vitro. However, Ottaway has found 
that purified growth hormone added in vitro inhibited glucose uptake by the 
isolated diaphragm of normal rats. 

(b) In vitro, purified growth hormone as a rule is either ineffective or less 
effective than anterior pituitary extracts. Moreover when compared by the 
technique of prior injection, the effect of pituitary extract is manifested 
much sooner than that of purified growth hormone. These results suggest 
that growth hormone is not the active inhibitory agent but may be con- 
verted to it. 

(c) Growth hormone can exhibit an insulin-like action in stimulating 
glucose uptake by the isolated rat diaphragm. This action may be related to 
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the transitory hypoglycemic effect produced by the hormone in hypophy- 
sectomized dogs (300), an effect which is independent of the presence of the 
pancreas. 

For a full account of the above work the reader is referred to the papers 
of Krahl (301), Stadie (302), and Ottaway (303). 

Thyroxine.—Feldott & Lardy (304) find that while thyroxine (10-°M) 
inhibited oxidation of glutamate and Krebs cycle intermediates by mito- 
chondrial and nuclear fractions from rat kidney cortex, it stimulated or 
maintained the oxidation of B-hydroxybutyrate and increased acetoacetate 
disappearance. A similar effect on the oxidation of caproate and caprylate 
has been described (305). 

A role of thyroxine in aerobic phosphorylation is indicated by the experi- 
ments of Martius & Hess (306). With B-hydroxybutyrate as substrate, phos- 
phorylation was significantly decreased in liver mitochondria from rats in- 
jected with 4 mg. of thyroxine daily over a period of one to three days as 
compared with liver mitochondria from untreated controls. Furthermore, 
incubation of liver mitochondria from normal rats for 30 min. at 0°C. with 
thyroxine (5 X10-* to 10-* M) completely uncoupled aerobic phosphoryla- 
tion. Lardy (305) reports a depressing effect of thyroxine on the P/O ratio 
during glutamate oxidation by liver motochondria. 

Gemmill (307) has observed that thyroxine accelerated the rate of oxy- 
gen uptake by the purified ascorbic acid oxidase of Dawson etal., while the 
cupric ion-catalyzed oxidation of ascorbic acid was inhibited. 


LITERATURE CITED 


. Sutherland, E. W., Federation Proc., 10, 256 (1951) 

. Posternak, T., J. Biol. Chem., 188, 317-25 (1951) 

. Katz, J., and Hassid, W. Z., Arch. Biochem., 30, 272-81 (1951) 

. Velick, S. F., and Wicks, L. F., J. Biol. Chem., 190, 741-51 (1951) 

. Cori, G. T., and Larner, J., J. Biol. Chem., 188, 17-29 (1951) 

. Colowick, S. P., and Kaplan, N. O., Ann. Rev. Biochem., 20, 513-58 (1951) 

. Larner, J., Illingworth, B., and Cori, G. T., Federation Proc., 10, 213 (1951) 

. Hobson, P. N., Whelan, W. J., and Peat, S., J. Chem. Soc., 1451-59 (1951) 

. Maruo, B., and Kobayashi, T., Nature, 167, 606-7 (1951) 

10. Hobson, P. N., Whelan, W. J., and Peat, S., J. Chem. Soc., 596-98 (1951) 

11. Nussenbaum, S., and Hassid, W. Z., J. Biol. Chem., 190, 673-83 (1951) 

12. Hassid, W. Z., Phosphorus Metabolism, 1, 11-42 (Johns Hopkins Press, Balti- 
more, Md., 762 pp., 1951) 

13. Cori, C. F., Phosphorus Metabolism, 1, 62-64 (Johns Hopkins Press, Baltimore, 
Md., 762 pp., 1951) 

14. Hehre, E. J., J. Biol. Chem., 192, 161-74 (1951) 

15. Pazur, J. H., and French, D., J. Am. Chem. Soc., 73, 3536 (1951) 

16. Bacon, J. S. D., and Edelman, J., Arch. Biochem., 28, 467-68 (1950) 

17. Blanchard, P. H., and Albon, N., Arch. Biochem., 29, 220-22 (1950) 

18. Fischer, E. H., Kohtés, L., and Fellig, J., Helv. Chim. Acta, 34, 1132-38 (1951) 

19. Aronoff, S., Arch. Biochem. Biophys., 34, 484-85 (1951) 


COnaunr word - 








a tm 


tintnintn 


oa-_ ae aa 








CARBOHYDRATE METABOLISM 595 


. Bacon, J. S. D., Biochem. J., 50, xviii (1952) 

. Edelman, J., and Bacon, J. S. D., Biochem. J., 49, 529-40 (1951) 

. Fischer, E. H., and de Montmollin, R., Helv. Chim. Acta, 34, 1987-94 (1951) 
. Underkofler, L. A., and Roy, D. K., Cereal Chem., 28, 18-29 (1951) 

. Fischer, E. H., and de Montmollin, R., Helv. Chim. Acta, 34, 1994-99 (1951) 
. Meyer, K. H., and Gonon, W. F., Helv. Chim. Acta, 34, 294-307 (1951) 

. Meyer, K. H., and Gonon, W. F., Helv. Chim. Acta, 34, 308-16 (1951) 

. Fischer, E. H., and Haselbach, C. H., Helv. Chim. Acta, 34, 328-34 (1951) 

. Whelan, W. J., and Nasr, H., Biochem. J., 48, 416-22 (1951) 

. Roberts, P. J. P., and Whelan, W. J., Biochem. J., 49, lvi (1951) 

. Meyer, K. H., Fischer, E. H., and Piguet, A., Helv. Chim. Acta, 34, 316-24 


(1951) 


. Kerr, R. W., and Cleveland, F. C., J. Am. Chem. Soc., 73, 2421-24 (1951) 
. French, D., Levine, M. L., Pazur, J. H., and Norberg, E., J. Am. Chem. Soc., 


72, 1746-48 (1950) 


. Phillips, L. L., and Caldwell, M. L., J. Am. Chem. Soc., 73, 3559-68 (1951) 

. Englard, S., Sorof, S., and Singer, T. P., J. Biol. Chem., 189, 217-26 (1951) 

. Whitaker, D. R., Nature, 168, 1070-71 (1951) 

. Cohn, M., and Monod, J., Biochim. et Biophys. Acta, 7, 153-74 (1951) 

. Monod, J., Cohen-Bazire, G., and Cohn, M., Biochim. et Biophys. Acta, 7, 585- 


99 (1951) 


. Weil-Malherbe, H., and Bone, A. D., Biochem. J., 49, 339-61 (1951) 

. Slein, M. W., Cori, G. T., and Cori, C. F., J. Biol. Chem., 186, 763-80 (1950) 

. Brown, D. H., Biochim. et Biophys. Acta, 7, 487-93 (1951) 

. Grant, P. T., and Long, C., Biochem. J., 50, xx (1952) 

. Boyland, E., Goss, G. C. L., and Williams-Ashman, H. G., Biochem. J., 49, 


321-25 (1951) 


. Long, C., Biochem. J., 49, xxxiv—xxxv (1951) 
. Leuthardt, F., and Testa, E., Helv. Chim. Acta, 33, 1919-21 (1950); 34, 931-38 


(1951) 


. Staub, A., and Vestling, C. S., J. Biol. Chem., 191, 395-99 (1951) 
. Cori, G. T., Ochoa, S., Slein, M. W., and Cori, C.F., Biochim. et Biophys. Acta, 


7, 304-17 (1951) 


. Cardini, C. E., Enzymologia, 14, 362-68 (1951) 
. Slein, M. W., Phosphorus Metabolism, 1, 98-104 (Johns Hopkins Press, Balti- 


more, Md., 762 pp., 1951) 


. Mann, T., and Lutwak-Mann, C., Biochem. J., 48, xvi-xvii (1951) 

. Parr, C. W., and Warren, F. L., Biochem. J., 48, xv—xvi (1951) 

. Wajzer, J., and Zelnik, R., Compt. rend., 232, 1254-56 (1951) 

. Leloir, L. F., Arch. Biochem. et Biophys., 33, 186-90 (1951) 

. Leloir, L. F., Phosphorus Metabolism, 1, 67-93 (Johns Hopkins Press, Baltimore, 


Md., 762 pp., 1951) 


. Garner, R. L., and Grannis, G. F., Science, 114, 501-2 (1951) 
. Topper, Y. J., and Stetten, D., Jr., J. Biol. Chem., 193, 149-55 (1951) 
. Leloir, L. F., Trucco, R. E., Cardini, C. E., Palladini, A. C., and Caputto, R., 


Arch. Biochem., 24, 65-74 (1949) 


. Cardini, C. E., Enzymologia, 15, 44-48 (1951) 
. Topper, Y. J., and Stetten, D., Jr., J. Biol. Chem., 189, 191-202 (1951) 
. Slein, M. W., J. Biol. Chem., 186, 753-61 (1950) 








91. 
92. 


93. 
94. 
95. 
96. 
. Dische, Z., Phosphorus Metabolism, 1, 171-99 (Johns Hopkins Press, Baltimore, 


OCHOA AND STERN 


. Taylor, J. F., Phosphorus Metabolism, 1, 104-15 (Johns Hopkins Press, Balti- 


more, Md., 762 pp., 1951) 


. Muntz, J. A., and Hurwitz, J., Arch. Biochem. Biophys., 32, 137-49 (1951) 

. Velick, S. F., Federation Proc., 10, 264 (1951) 

. Shugar, D., Biochim. et Biophys. Acta, 6, 548-61 (1951) 

. Needham, D. M., Siminovitch, L., and Rapkine, S. M., Biochem. J., 49, 113-24 


(1951) 


. Harting, J., Federation Proc., 10, 195 (1951) 
. Theorell, H., and Bonnischen, R., Acta Chem. Scand., 5, 329 (1951) 
. Westheimer, F. H., Fisher, H. F., Conn, E. E., and Vennesland, B., J. Am. 


Chem. Soc., 73, 2403 (1951) 


. Meyerhof, O., and Kaplan, A., Arch. Biochem. Biophys., 33, 282-98 (1951) 

. Ohlmeyer, P., J. Biol. Chem., 190, 21-30 (1951) 

. Fowler, C. B., Biochim. et Biophys. Acta, 7, 563-73 (1951) 

. Strecker, H. J., and Korkes, S., Nature, 168, 913-15 (1951) 

. Cori, O., and Lipmann, F., J. Biol. Chem., 194, 417-25 (1952) 

. Stetten, M. R., and Stetten, D., Jr., J. Biol. Chem., 193, 157-65 (1951) 

. Blakley, R. L., Biochem. J., 49, 257-71 (1951) 

. McNair Scott, D. B., and Cohen, S. S., J. Biol. Chem., 188, 509-30 (1951) 

. Horecker, B. L., and Smyrniotis, P. Z., J. Biol. Chem., 193, 371-81 (1951) 

. Horecker, B. L., Smyrniotis, P. Z., and Seegmiller, J. E., J. Biol. Chem., 193, 


383-96 (1951) 


. Dickens, F., and Glock, G. E., Biochem. J., 50, 81-95 (1951) 
. Seegmiller, J. E., and Horecker, B. L., J. Biol. Chem., 194, 261-68 (1952) 
. Horecker, B. L., Phosphorus Metabolism, 1, 117-44 (Johns Hopkins Press, Balti- 


more, Md., 762 pp., 1951); Horecker, B. L., and Smyrniotis, P. Z., J. Biol. 
Chem. (In press) 


. Benson, A. A., J. Am. Chem. Soc.,'73, 2971-72 (1951) 
. Benson, A. A., Bassham, J. A., and Calvin, M., J. Am. Chem. Soc., 73, 2970 


(1951) 


. Stokes, F. N., and Campbell, J. J. R., Arch. Biochem., 30, 121-25 (1951) 
. Entner, H., and Stanier, R. Y., J. Bact., 62, 181-86 (1951) 
. Ikeda, Y., J. Agr. Chem. Soc., Japan, 24, 56-59 (1950); Chem. Abstracts, 45, 


7189 (1951) 


. Kulka, D., Hall, A. N., and Walker, T. K., Nature, 167, 905-6 (1951) 

. De Ley, J., and Cornut, S., Nature, 168, 515-16 (1951) 

. Cohen, S. S., J. Biol. Chem., 189, 617-28 (1951) 

. Lampen, J. O., Gest, H., and Sowden, J. C., J. Bact., 61, 97-98 (1951) 

. Rappoport, D. A., Barker, H. A., and Hassid, W. Z., Arch. Biochem. Biophys., 


31, 326 (1951) 

Lampen, J. O., and Peterjohn, H. R., J. Bact., 62, 281-92 (1951) 

Cohen, S.S., Phosphorus Metabolism, 1, 148-58 (Johns Hopkins Press, Baltimore, 
Md., 762 pp., 1951); Cohen, S. S., McNair Scott, D. B., and Lanning, M., 
Federation Proc., 10, 173 (1951) 

Racker, E., Federation Proc., 7, 180 (1948) 

Sable, H. Z., Federation Proc., 10, 241 (1951) 

Kaushal, R., Jowett, P., and Walker, T. K., Nature, 167, 949 (1951) 

De la Haba, G., and Racker, E. (Personal communication) 


Md., 762 pp., 1951) 








CARBOHYDRATE METABOLISM 597 


98. Schlenk, F., and Waldvogel, M. G., Arch. Biochem., 12, 181-90 (1947) 

99. Cardini, C. E., Palladini, A. C., Caputto, R., and Leloir, L. F., Acta Physiol. 
Lat.-Am., 1, 57-63 (1950) 

100. Schlenk, F., Phosphorus Metabolism, 1, 168-70 (Johns Hopkins Press, Baltimore, 
Md., 762 pp., 1951) 

101. Rowen, J. W., and Kornberg, A., J. Biol. Chem., 193, 497-507 (1951) 

102. Abrams, A., and Klenow, H., Arch. Biochem. Biophys., 34, 285-92 (1951) 

103. Racker, E., Nature, 167, 408-9 (1951) 

104. Manson, L. A., and Lampen, J. O., J. Biol. Chem., 193, 539-47 (1951) 

105. Friedkin, M., and Roberts, D., Federation Proc., 10, 184 (1951) 

106. Hoffmann, C. E., and Manson, L. A., Federation Proc., 10, 198 (1951) 

107. DeMoss, R. D., Bard, R. C., and Gunsalus, I. C., J. Bact., 62, 499-511 (1951) 

108. Gibbs, M., and DeMoss, R. D., Federation Proc., 10, 189 (1951) 

109. Cohen, S. S., Nature, 168, 746-47 (1951) 

110. Terner, C., Biochem. J., 50, 145-54 (1951) 

111. Moore, R. O., and Nelson, W. L., Federation Proc., 10, 226 (1951) 

112. Ely, L. O., Am. J. Ophthalmology, 34(5), Part 2, 127-30 (1951) 

113. Weinhouse, S., Cancer Research, 11, 585-91 (1951) 

114. Wenner, C. E., Spirtes, M. A., and Weinhouse, S., Proc. Soc. Exptl. Biol. Med., 
78, 416-21 (1951) 

115. Spirtes, M. A., Federation Proc., 10, 251 (1951) 

116. Campbell, J. J. R., and Stokes, F. N., J. Biol. Chem., 190, 853-58 (1951) 

117. Stone, R. W., and Wilson, P. W., Proc. Soc. Am. Bact., 8 (1951) 

118. Lee, J. S., and Lifson, N., J. Biol. Chem., 193, 253-63 (1951) 

119. Udenfriend, S., Cooper, J., and Clark, C. T., Federation Proc., 10, 262 (1951) 

120. LaDu, B. N., Jr., and Greenberg, D. M., J. Biol. Chem., 190, 245-55 (1951) 

121. Knox, W. E., and LeMay-Knox, M., Biochem. J., 49, 686-93 (1951) 

122. Sealock, R. R., and Goodland, R. L., Science, 114, 645-46 (1951) 

123. Ravdin, R. G., and Crandall, D. I., J. Biol. Chem., 189, 137-49 (1951) 

124. Suda, M., and Takeda, Y., Med. J. Osaka Univ., 2, 41-44 (1950) 

125. Stanier, R. Y., and Hayaishi, O., Science, 114, 326-30 (1951) 

126. Kilby, B. A., Biochem. J., 49, 671-74 (1951) 

127. Tabor, H., and Hayaishi, O., J. Biol. Chem., 194, 171-75 (1952) 

128. Lipmann, F., Harvey Lectures Ser. 44, 99-123 (1948-49) 

129. Ochoa, S., Physiol. Revs., 31, 56-106 (1951) 

130. Lynen, F., Reichert, E., and Rueff, L., Ann., 574, 1-32 (1951) 

131. DeVries, W. H., Govier, W. M., Evans, ]. S., Gregory, J. D., Novelli, G. D., 
Soodak, M., and Lipmann, F., J. Am. Chem. Soc., 72, 4838 (1950) 

132. Lynen, F., Ann., 574, 33-37 (1951) 

133. Stern, J. R., and Ochoa, S., J. Biol. Chem., 191, 161-72 (1951) 

134. Ochoa, S., Stern, J. R., and Schneider, M. C., J. Biol. Chem., 193, 691-702 (1951) 

135. Stadtman, E. R., Novelli, G. D., and Lipmann, F., J. Biol. Chem., 191, 365-76 
(1951) 

136. Stern, J. R., Shapiro, B., Stadtman, E. R., and Ochoa, S., J. Biol. Chem., 193, 
703-20 (1951) 

137. Stern, J. R., Phosphorus Metabolism, 1, 264-71 (Johns Hopkins Press, Baltimore, 
Md., 762 pp., 1951); Stern, J. R., Ochoa, S., and Lynen, F., Federation Proc., 
11, 293 (1952) 

138. Kaplan, N. O., The Enzymes, 2, 55-113 (Sumner, J. B., and Myrbiick, K., Eds., 
Academic Press, Inc., New York, N. Y., 1440 pp., 1951) 





598 


139. 
140. 


141. 
142. 
143. 
144. 
145. 
146. 


147. 
148. 


149. 
150. 


151. 


152. 
153. 


154. 
155. 
156. 
157. 
158. 
159. 
160. 
161. 
162. 
163. 


164. 
165. 


167. 
168. 
169. 
170. 


171. 
172. 
173. 
174. 
175. 


176. 


OCHOA AND STERN 


Stadtman, E. R., J. Biol. Chem. (In press) 

Korkes, S., del Campillo, A., Gunsalus, I. C., and Ochoa, S., J. Biol. Chem., 193, 
721-35 (1951) 

Korkes, S., del Campillo, A., and Ochoa, S., J. Biol. Chem. (In press) 

Olson, R. E., and Stare, F. J., J. Biol. Chem., 190, 149-64 (1951) 

Stadtman, E. R., and Barker, H. A., J. Biol. Chem., 180, 1095-1115 (1949) 

Stadtman, E. R., Stern, J. R., and Ochoa, S. (Unpublished data) 

Stadtman, E. R. (Personal communication) 

Pinchot, G. B., and Racker, E., Phosphorus Metabolism, 1, 366-69 (Johns Hop- 
kins Press, Baltimore, Md., 762 pp., 1951) 

Korkes, S., Cori, A., and del Campillo, A. (Unpublished data) 

Schweet, R. S., Fuld, M., Cheslock, K., and Paul, M. H., Phosphorus Metabo- 
lism, 1, 246-59 (Johns Hopkins Press, Baltimore, Md., 762 pp., 1951) 

O’Kane, D. J., and Gunsalus, I. C., J. Bact., 56, 499-506 (1948) 

Reed, L. J., DeBusk, B. G., Gunsalus, I. C., and Hornberger, C.S., Jr., Science, 
114, 93-94 (1951); Reed, L. J., DeBusk, B. G., Gunsalus, I. C., and Schnaken- 
berg, G. H. F., J. Am. Chem. Soc., 73, 5920 (1951) 

Patterson, E. L., Brockman, J. A., Jr., Day, F. P., Pierce, J. V., Macchi, M. E., 
Hoffman, C. E., Fong, C. T. O., Stokstad, E. L. R., and Jukes, T. H., J. Am. 
Chem. Soc., '73, 5919-20 (1951) 

Black, S., Arch. Biochem. Biophys., 34, 86-97 (1951) 

Barker, H. A., Phosphorus Metabolism, 1, 204-45 (Johns Hopkins Press, Balti- 
more, 97., 762 pp., 1951) 

Cavallini, D., Biochem. J., 49, i-5 (1951) 

Racker, E., J. Biol. Chem., 190, 685-96 (1951) 

Racker, E. (Personal communication) 

Harting, J. (Personal communication) 

Conn, E. E., and Vennesland, B., J. Biol. Chem., 192, 17-28 (1951) 

Mapson, L. W., and Goddard, D. R., Biochem. J., 49, 592-601 (1951) 

Rall, T. W., and Lehninger, A. L., J. Biol. Chem., 194, 119-30 (1952) 

Martius, C., and Schorre, G., Ann., 570, 140-43 (1950) 

Martius, C., and Schorre, G., Ann., 570, 143-47 (1950) 

Wilcox, P. E., Heidelberger, C., and Potter, V. R., J. Am. Chem. Soc., 72, 5019- 
24 (1950) 

Lewis, K R., and Weinhouse, S., J. Am. Chem. Soc., 73, 2906-9 (1951) 

Martin, S. M., and Wilson, P. W., Arch. Biochem. Biophys., 32, 150-57 (1951) 


. Carson, S. F., Mosbach, E. H., and Phares, E. F., J. Bact., 62, 235-38 (1951) 


Dickman, S. R., and Cloutier, A. A., J. Biol. Chem., 188, 379-88 (1951) 

Buffa, P., Peters, R. A., and Wakelin, R. W., Biochem. J., 48, 467-77 (1951) 

Peters, R. A., Wakelin, R. W., and Buffa, P., Biochem. J., 50, xiii-xiv (1952) 

Lotspeich, W. D., Peters, R. A., and Wilson, T. H., J. Physiol. (London), 115, 
24-25P (1951) 

Martius, C., and Lynen, F., Advances in Ensymol., 10, 167-222 (1950) 

Kornberg, A., and Pricer, W. E., Jr., J. Biol. Chem., 189, 123-36 (1951) 

Lotspeich, W. D., and Peters, R. A., Biochem. J., 49, 704-9 (1951) 

Martius, C. (Personal communication) 

Kaufman, S., Phosphorus Metabolism, 1, 370-73 (Johns Hopkins Press, Balti- 
more, Md., 762 pp., 1951) 

Sanadi, D. R., and Littlefield, J. W., J. Biol. Chem., 193, 683-89 (1951) 














177. 
178. 


179. 


181. 
182. 
183. 
184. 


185. 
186. 
187. 
188. 
189. 
190. 
191. 
192. 
193. 
194. 
195. 
196. 
197. 
198. 
199, 
200. 


206. 
207. 
208. 


210. 


213. 


216. 


CARBOHYDRATE METABOLISM 599 


Shemin, D., and Wittenberg, J., J. Biol. Chem., 192, 315-34 (1951) 

Green, D. E., and Beinert, H., Phosphorus Metabolism, 1, 330-43 (Johns Hopkins 
Press, Baltimore, Md., 762 pp., 1951) 

Massey, V., Nature, 167, 769-70 (1951) 


. Olson, J. A., Federation Proc., 10, 230 (1951) 


Strecker, H. J., Arch. Biochem. Biophys., 32, 448-49 (1951) 

Recknagel, R. O., and Potter, V. R., J. Biol. Chem., 191, 263-75 (1951) 

Lewis, K. F., and Weinhouse, S., J. Am. Chem. Soc., '73, 2500-3 (1951) 

Ajl, S. J., Kamen, M. D., Ransom, S. L., and Wong, D. T. O., J. Biol. Chem., 
189, 859-67 (1951) 

Ajl, S. J., and Wong, D. T. O., J. Bact., 61, 379-87 (1951) 

Ajl, S. J., and Kamen, D., J. Biol. Chem., 189, 845-57 (1951) 

Saz, H. J., and Krampitz, L. O., Federation Proc., 10, 243 (1951) 

Foulkes, E. C., Biochem. J., 48, 378-83 (1951) 

Strecker, H. J., J. Biol. Chem., 189, 815-30 (1951) 

Singer, T. P., and Pensky, J., Arch. Biochem. Biophys., 31, 457-59 (1951) 

Berl, S., and Bueding, E., J. Biol. Chem., 191, 401-18 (1951) 

Dolin, M. I., and Gunsalus, I. C., J. Bact., 62, 199-214 (1951) 

Rowatt, E., Biochem. J., 49, 453-62 (1951) 

Nossal, P. M., Biochem. J., 49, xliv (1951) 

Johns, A. T., J. Gen. Microbiol., 5, 326-36 (1951) 

Barban, S., and Ajl, S. J., J. Biol. Chem., 192, 63-72 (1951) 

Weinhouse, S., and Friedmann, B., J. Biol. Chem., 191, 707-17 (1951) 

Zelitch, I. (Unpublished data) 

Kun, E., J. Biol. Chem., 194, 603-11 (1952) 

Hunter, F. E., Jr., Phosphorus Metabolism, 1, 297-330 (Johns Hopkins Press, 
Baltimore, Md., 762 pp., 1951) 


. Kielley, W. W., and Kielley, R. K., J. Biol. Chem., 191, 485-500 (1951) 
2. Niemeyer, H., Crane, R. K., Kennedy, E. P., and Lipmann, F., Federation Proc., 


10, 229 (1951) 
Rabinovitz, M., Stulberg, M. P., and Boyer, P. D., Sctence, 114, 641 (1951) 


. Lardy, H. A., Phosphorus Metabolism, 1, 387-88 (Johns Hopkins Press, Balti- 


more, Md., 762 pp., 1951) 


5. Potter, V. R., Lyle, G. G., and Schneider, W. C., J. Biol. Chem., 190, 293-301 


(1951) 
Berthet, J., and de Duve, C., Biochem. J., 50, 174-81 (1951) 
Barkulis, S. S., and Lehninger, A. L., J. Biol. Chem., 190, 339-44 (1951) 
Krebs, H. A., Johnson, M., Eggleston, L. V., and Hems, R., Biochem. J., 49, 
XXXV-Xxxxvi (1951) 


. Lehninger, A. L., J. Biol. Chem., 190, 345-59 (1951) 


Lehninger, A. L., Phosphorus Metabolism, 1, 344-66 (Johns Hopkins Press, 
Baltimore, Md., 762 pp., 1951) 


Kennedy, E. P., and Lehninger, A. L., J. Biol. Chem., 190, 361-68 (1951) 


. Cohn, M., Phosphorus Metabolism, 1, 374-76 (Johns Hopkins Press, Baltimore, 


Md., 762 pp., 1951) 
Hunter, Jr., F. E., and Spector, S., Federation Proc., 10, 200 (1951) 


. Judah, J. D., Biochem. J., 49, 271-85 (1951) 
. Barkulis, S. S., and Lehninger, A. L., J. Biol. Chem., 193, 597-604 (1951) 


Kaufman, S., and Cori, O. (Unpublished data) 





600 
217. 


218. 
219. 
220. 


221. 
222. 
223. 
224. 


227. 
. Herbert, D., Symposia Soc. Expil. Biol., 5, 52-71 (1951) 

. Kaltenbach, J. P., and Kalnitsky, G., J. Biol. Chem., 192, 629-39 (1951) 
. Kaltenbach, J. P., and Kalnitsky, G., J. Biol. Chem., 192, 641-49 (1951) 
. Crane, R. K., and Ball, E. G., J. Biol. Chem., 188, 819-32 (1951) 

. Crane, R. K., and Ball, E. G., J. Biol. Chem., 189, 269-76 (1951) 

. Ryley, J. F., Biochem. J., 49, 577-85 (1951) 

. Nossal, P. M., Biochem. J., 49, 407-13 (1951) 

235. 
236. 
. Utter, M. F., Phosphorus Metabolism, 1, 646-56 (Johns Hopkins Press, Balti- 


238. 
. Utter, M. F., and Wood, H. G., Advances in Enzymol., 12, 41-151 (1951) 
. Harary, I. (Unpublished data) 

. Harary, I., Veiga Salles, J. B., and Ochoa, S. (Unpublished data) 

242. 


OCHOA AND STERN 


Stadtman, E. R., Doudoroff, M., and Lipmann, F., J. Biol. Chem., 191, 377-82 
(1951) 

Krebs, H. A. (Personal communication) 

Friedkin, N., and Lehninger, A. L., J. Biol. Chem., 177, 775-88 (1949) 

Meyerhof, O., and Fiala, S., Biochim. et Biophys. Acta, 6, 1-12 (1950) 

Case, E. M., and Mcllwain, H., Biochem. J., 48, 1-11 (1951) 

Judah, J. D., and Williams-Ashman, H. G., Biochem. J., 48, 33-42 (1951) 

Lynen, F., and Koenigsberger, R., Ann., 573, 60-84 (1951) 

Stoppani, A. O. M., Anales asoc. quim. argentina, 38, 313-29 (1950); Nature, 167, 
653-54 (1951) 


25. Ochoa, S., and Kaufman, S., J. Biol. Chem., 192, 313-14 (1951) 
6. Kraemer, L. M., Conn, E. E., and Vennesland, B., J. Biol. Chem., 188, 583-91 


(1951) 
Harary, I., and Korey, S. R. (Unpublished data) 


Kaufman, S., Korkes, S., and del Campillo, A., J. Biol. Chem., 192, 301-12 (1951) 
Utter, M. F., J. Biol. Chem., 188, 847-63 (1951) 


more, Md., 762 pp., 1951) 
McManus, I. R., J. Biol. Chem., 188, 729-40 (1951) 


Green, D. E., Phosphorus Metabolism, 1, 657 (Johns Hopkins Press, Baltimore, 
Md., 762 pp., 1951) 


. Plaut, G. W. E., and Lardy, H. A., J. Biol. Chem., 192, 435-45 (1951) 

. Coon, M. J., J. Biol. Chem., 187, 71-82 (1950) 

. Coon, M. J. (Personal communication) 

. Steinberger, R., and Westheimer, F. H., J. Am. Chem. Soc., 73, 429-35 (1951) 
. Vishniac, W., and Ochoa, S., Nature, 167, 768-69 (1951) 

. Vishniac, W., and Ochoa, S., J. Biol. Chem., 195, 75-93 (1952) 

. Tolmach, L. J., Nature, 167, 946-48 (1951) 

. Tolmach, L. J., Arch. Biochem. Biophys., 33, 120-42 (1951) 

. Arnon, D. I., Nature, 167, 1008-10 (1951) 

. Clendenning, K. A. (Personal communication) 

. Whatley, F. R., New Phytologist, 50, 244-57 (1951) 

. Whatley, F. R., New Phytologist, 50, 258-67 (1951) 

. Larsen, H., J. Biol. Chem., 193, 167—73 (1951) 

. Stutz, R. E., and Burris, R. H., Plant Physiol., 26, 226-43 (1951) 

. Vishniac, W., Federation Proc., 11, 302-3 (1952) 

258. 


Millerd, A., Bonner, J., Axelrod, B., and Bandurski, R., Proc. Natl. Acad. Sci. 
U. S., 37, 855-62 (1951) 


. Burk, D., and Warburg, O., Z. Naturforsch., 6b, 12-22 (1951) 














288. 


289. 


290. 
291. 


292. 


CARBOHYDRATE METABOLISM 601 


. Warburg, O., and Geleick, H., Z. Naturforsch., 6b, 134-41 (1951) 

. Warburg, O., Geleick, H., and Briese, K., Z. Naturforsch., 6b, 417-24 (1951) 

. Warburg, O., Z. Elektrochem., 55, 447-52 (1951) 

. Caputto, R., J. Biol. Chem., 189, 801-14 (1951) 

. Kornberg, A., and Pricer, W. E., Jr., J. Biol. Chem., 193, 481-95 (1951) 

. Heppel, L. A., and Hilmoe, R. J., J. Biol. Chem., 188, 665-76 (1951) 

. Heppel, L. A., and Hilmoe, R. J., Federation Proc., 10, 196 (1951) 

. Kaplan, N. O., Colowick, S. P., and Stolzenbach, F. E., Federation Proc., 10, 


204 (1951) 


. Colowick, S. P., Kaplan, N. O., and Ciotti, M. M., J. Biol. Chem., 191, 447-59 


(1951) 


. Kaplan, N. O., Colowick, S. P., and Barnes, C. C., J. Biol. Chem., 191, 461-72 


(1951) 


. Nason, A., Kaplan, N. O., and Colowick, S. P., J. Biol. Chem., 188, 397-406 


(1951) 


. Kaplan, N.O., Colowick, S. P., and Nason, A., J. Biol. Chem., 191, 473-83 (1951) 
. Kornberg, A., Phosphorus Metabolism, 1, 392-414 (Johns Hopkins Press, Balti- 


more, Md., 762 pp., 1951) 


. Pullman, M. E., Federation Proc., 10, 234-35 (1951) 

. Kornberg, A., and Pricer, Jr., W. E., J. Biol. Chem., 191, 535-41 (1951) 

. Leder, I. G., and Handler, P., J. Biol. Chem., 189, 889-99 (1951) 

. Leder, I. G., Phosphorus Metabolism, 1, 422-27 (Johns Hopkins Press, Baltimore, 


Md., 762 pp., 1951) 


. Katchman, B., Betheil, J. J., Schepartz, A. I., Sanadi, D. R., Arch. Biochem. 


Biophys., 34, 437-41 (1951) 


. Colowick, S. P., Kaplan, N. O., and Ciotti, M. M., Federation Proc., 10, 174 


(1951) 


. Colowick, S. P., Phosphorus Metabolism, 1, 436-40 (Johns Hopkins Press, Balti- 


more, Md., 762 pp., 1951) 


. Stern, J. R. (Unpublished data) 

. Mathews, M. B., J. Biol. Chem., 189, 695-704 (1951) 

. Kearney, E. B., and Englard, S., J. Biol. Chem., 193, 821-34 (1951) 

. Park, J. T., Phosphorus Metabolism, 1, 93-98 (Johns Hopkins Press, Baltimore, 


Md., 762 pp., 1951) 


. Trucco, R. E., Arch. Biochem. Biophys., 34, 482-83 (1951) 
. Sutherland, E. W., and Cori, C. F., J. Biol. Chem., 188, 531-43 (1951) 
. Sutherland, E. W., Phosphorus Metabolism, 1, 53-61 (Johns Hopkins Press, 


Baltimore, Md., 762 pp., 1951) 


. Stetten, Jr., D., Welt, I. D., Ingle, D. J., and Morley, E. H., J. Biol. Chem., 192, 


817-30 (1951) 

Wick, A. N., Drury, D. R., Bancroft, R. W., and MacKay, E. M., J. Biol. 
Chem., 188, 241-49 (1951) 

Feller, D. D., Chaikoff, I. L., Strisower, E. H., and Searle, G. L., J. Biol. Chem., 
188, 865-80 (1951) 

Chernick, S. S., and Chaikoff, I. L., J. Biol. Chem., 188, 389-96 (1951) 

Chernick, S. S., Chaikoff, I. L., and Abraham, S., J. Biol. Chem., 193, 793-802 
(1951) 

Felts, J. M., Chaikoff, I. L., and Osborn, M. J., J. Biol. Chem., 191, 683-92 
(1951) 








602 
293. 


294. 


295. 


296. 
297. 
298. 


299. 
300. 


301. 
302. Stadie, W. C., Ann. N. Y. Acad. Sci., 54, 671-83 (1951) 
303. 
304. 
305. 
306. Martius, C., and Hess, B., Arch. Biochem. Biophys., 33, 486 (1951) 
307. 


OCHOA AND STERN 


Osborn, M. J., Chaikoff, I. L., and Felts, J. M., J. Biol. Chem., 193, 549-55 
(1951) 

Felts, J. M., Chaikoff, I. L., and Osborn, M. J., J. Biol. Chem., 193, 557-62 
(1951) 

Balmain, J. H., and Folley, S. J., Biochem. J., 49, 663-70 (1951) 

Balmain, J. H., Folley, S. J., and Glascock, R. F., Nature, 168, 1083-84 (1951) 

Baker, N., Chaikoff, I. L., Schusdek, A., J. Biol. Chem., 194, 435-43 (1952) 

Brady, R. O., Lukens, F. D. W., and Gurin, S., J. Biol. Chem., 193, 459-64 
(1951) 

Frohman, C. E., Orten, J. M., and Smith, A. H., J. Biol. Chem., 193, 803-7 
(1951) 

Kurtz, M., deBodo, R. C., Kiang, S. P., and Ancowitz, A., Proc. Soc. Expil. 
Biol. Med., '76, 21-24 (1951) 

Krahl, M. E., Ann. N. Y. Acad. Sci., 54, 649-70 (1951) 


Ottaway, J. H., Nature, 167, 1064 (1951) 
Feldott, G., and Lardy, H. A., Federation Proc., 10, 182 (1951) 
Lardy, H. A., and Feldott, G., Ann. N. Y. Acad. Sci., 54, 636-48 (1951) 


Gemmill, C. L., J. Biol. Chem., 192, 749-54 (1951) 








CHEMISTRY OF THE NONSTEROID HORMONES! 


By Cuou Hao Li anp J. IEvAN Harris? 
Department of Biochemistry, University of California, Berkeley, California 


INTRODUCTION 


The compass of this chapter as proposed by its title is the chemistry of 
all the nonsteroid hormones. Two years have elapsed since the subject was 
last reviewed and it is evident that it would be impossible to give adequate 
treatment, or even mention, to all of the material which has appeared during 
that time. Accordingly, the present review covers only the following: gonado- 
trophic hormones, growth hormone, adrenocorticotrophic hormone (ACTH), 
oxytoxin, vasopressin, and insulin.* 

The review will give emphasis to methods of physical and organic chem- 
istry, particularly in their application to the purification and elucidation of 
the chemical structures of protein and peptide hormones. Specialized phys- 
icochemical techniques have given much information about the size and 
shape of molecules, and the newer analytical methods have made possible 
an accurate determination of their chemical composition. Until recently, 
however, little was known about the order in which amino acids are arranged 
within peptide and protein molecules. The introduction of partition chro- 
matography for the separation and detection of amino acids and peptides, 
and later, the development of methods for the identification of terminal 
residues in peptide and protein molecules, have brought even the complex 
problem of protein structure within the scope of the organic chemist. In view 
of the outstanding progress achieved by a purely chemical approach to the 
study of insulin, oxytocin, and vasopressin, those sections in particular will 
emphasize chemical aspects rather than biochemical function. 


ANTERIOR PITUITARY HORMONES 


In the two years since the review of White (5), little work on the chemis- 
try of prolactin (lactogenic hormone) and thyrotrophic hormone has appeared. 
It is to be expected that the clinical usefulness of ACTH should have di- 
rected most of the current interest in the field in the direction of problems 
relating to the chemical nature of this hormone. However, a brief summary of 
the chemistry of the anterior pituitary hormones in general has been pub- 
lished (6, 7, 8). 

One of the interesting observations on the nature of the whole extracts 


1 The present review covers the period from September, 1949 to December, 1951. 

2 The sections on the posterior lobe hormones and insulin were written by the 
junior author. 

3 Some of the topics omitted from our discussion have been ‘the subject of recent 
reviews elsewhere; namely, relaxin (1), thyroxine and thyroglobulin (2, 3, 3a), and 
the gastrointestinal hormones (4). 
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of the anterior pituitary gland has been the report of Adams & Smith (9) 
who demonstrated that aqueous extracts of lyophilized anterior hog pitui- 
tary glands contain at least two proteinases optimally active in hydrolyzing 
denatured hemoglobin at pH 3.8 and pH 8.3 respectively. These pituitary 
proteinases apparently differ from cathepsins and proteinases of the gastro- 
testinal tract in regard to specificity in the hydrolysis of synthetic substrates. 
The same investigators also discovered a variety of exopeptidases in several 
pituitary preparations. Since anterior pituitary hormones are either protein 
or peptide in nature, the presence of these enzymes in pituitary extracts 
may cause the destruction of the biologic activity. Hence, these observations 
are of importance in explaining the instability of the aqueous solutions of 
purified pituitary hormone preparations. 

Gonadotrophic hormone.—The purity of the follicle-stimulating hormone 
(FSH) isolated by the procedure of Li et al. (10) has been further established 
by examination of its behavior in electrophoresis, ultracentrifuge, and dif- 
fusion (11). It was noted that the hormone protein possesses an isoelectric 
point at pH 4.5 and a molecular weight of 67000. The following analytical 
data in grams per 100 gm. protein have also been reported: arginine, 5.3; 
aspartic acid, 9.3; cystine 4.3; glutamic acid, 13.4; histidine, 3.7; isoleucine, 
3.3; leucine, 9.2; lysine, 11.1; methionine, 1.0; phenylalanine, 5.8; proline, 
5.2; threonine, 4.7; tyrosine, 3.8; valine, 5.8; hexose, 1.2; and hexosamine, 
1.5. The sulfur content (1.4 per cent) can be totally accounted for by the 
values of cystine and methionine. Treatment with heat or trypsin destroys 
the hormonal activity. In contrast to trypsin hydrolysis, digestion of FSH 
protein with pepsin in pH 4.0 solution, to the extent of approximately 65 
per cent, retains the minimal effective dose of the native hormone protein. 
In fact, it was the dialyzable fraction of the peptic hydrolysate which was 
found to possess the follicle-stimulating potency (12). 

Van Dyke et al. (13) have described a procedure for the preparation of 
FSH from hog glands, which yielded a product with a maximum purity of 
80 to 85 per cent of the hormone, as determined by electrophoretic analysis. 
The same investigators have also compared their product with the sheep 
hormone of Li e¢ al. (10), and revealed that, although no difference in bio- 
logic potency and isoelectric point can be detected, the two products may 
be differentiated easily by their immunological behavior. Thus, as in the case 
of interstitial-cell stimulating hormone and prolactin, the hog and sheep 
follicle-stimulating hormones exist as chemically different proteins. 

Koenig & King (14) have published a method suitable for large-scale 
use in preparing gonadotrophically active extracts from sheep pituitaries. 
A similar type of gonadotrophically active extract from equine pituitary 
glands has also been reported (15). 

It has been known for some time that all gonadotrophic hormones, 
whether derived from the pituitary or from other tissues, are carbohydrate- 
containing proteins. Gurin in 1940 (16) isolated galactose from acid hydrolysis 
of human chorionic gonadotrophin (HCG). This observation of the presence 
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of galactose has recently been confirmed by paper chromatographic tech- 
niques (17, 18). In addition, mannose was also found to be present. Appar- 
ently the liberation of mannose from the molecule requires 1-2 N acid at 
100°C, whereas galactose can be split off easily in a considerably weaker acid 
(0.1 NV). It had been reported earlier (10) that HCG contains tyrosine, histi- 
dine, arginine, and tryptophan but no cystine, in spite of a high sulfur con- 
tent. Zilliacus & Roos (19) reported that in an hydrolysate of HCG methio- 
nine was not detected by the technique of paper partition chromatography. 
If these observations can be confirmed, it could be inferred that the sulfur 
content in HCG must come from sulfate in the protein or from an unknown 
sulfur-containing amino acid. 

The stability of pregnant mare serum gonadotrophin (PMSG) has been 
studied by Cole et al (20). Four purified preparations assayed at 3000 I.U. 
per mg. in solution form: showed no loss of potency during the first five 
months of storage at 38° to 40°F. Whitten (21) and Friedmann (22) reported 
that one of the substances in a partially purified Clostridium welchii culture 
filtrate which caused an inactivation of PMSG may be identified with the 
enzyme-destroying blood-group O substance. Rimington & Rowlands (23) 
presented evidence that glucosaminase and diastase are not responsible for 
the inactivation of PMSG in the crude takadiastase. However, the inactiva- 
tion is accompanied by the liberation of some material containing carbo- 
hydrates. It would be of value to succeed in purifying from the crude taka- 
diastase the enzyme or enzymes responsible for the inactivation, and thus to 
ascertain the correctness of the earlier conclusion that the intact carbo- 
hydrate residue of the molecule is essential for the gonadotrophic action (10). 

Growth hormone.—The antigenicity of growth hormone (somatotrophin) 
has been investigated by Elberg & Li (24). It was found that the hormone 
failed to induce the appearance of precipitating antibodies in the rabbit, or 
anaphylactic sensitization in the guinea pig, after an intensive series of in- 
jections. Observations that continuous injections of growth hormone in rats 
for over a year gave no sign of a lack of responsiveness to the hormone treat- 
ment give indication of the fact that the hormone is a poor antigen (25). 

The earlier observations of Li & Porter (26) on the N-terminal groups 
in the growth hormone molecule have been confirmed by Reid (27). By 
means of the dinitrofluorobenzene (DNFB) technique of Sanger (28), the 
presence of two N-terminal end groups in the molecule was established. This 
indicates that the hormone protein consists of two chains, one having alanine, 
and the other phenylalanine, as the N-terminal amino acid. It may be re- 
called that a two-chain structure for growth hormone has already been sug- 
gested from analytical data (29). Further, the essentiality of free amino 
groups for the growth promoting activity (29) has been reinvestigated by 
Reid (27). A combination of acetic anhydride and DNFB treatment gave 
results which enabled the author to conclude that the potency of growth 
hormone depends on the integrity of the €-amino groups, but not on that of 
the terminal a-amino groups. 
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For many years, the possible existence in pituitary extracts of glyco- 
trophic, pancreatotrophic, glycostatic, diabetogenic, and ketogenic prin- 
ciples has been postulated. However, the recent work of Houssay, Young, 
Russell, Bennett, and others now makes it seem clear that all of the above 
biological effects can be ascribed to intrinsic properties of growth hormone. 
For example, temporary glycosuria in normal cats and dogs has been induced 
by the administration of growth hormone (30, 31). Houssay & Anderson (32) 
produced hyperglycemia in rats and partially depancreatized dogs by the 
same treatment. A high dose of the hormone administered to alloxan-dia- 
betic rats caused an increased excretion of glucose (33) and an elevation of 
blood sugar (34). A single injection administered to adult fasting rats was 
followed by moderate hypoglycemia (34). Russell & Wilhelmi (35) obtained 
glycostatic action from growth hormone in fasting hypophysectomized rats. 
Bornstein, Reid & Young (36) found that portal blood from growth-hormone- 
treated alloxan-diabetic-hypophysectomized-adrenalectomized rats or intact 
cats exerts a hyperglycaemic action when administered to recipient operated 
rats. There was no such hyperglycaemic effect after the direct administration 
of growth hormone to the recipient animals. These results seem to indicate 
that the diabetogenic effect of growth hormone is due partly to the liberation 
of the hyperglycaemic factor from the pancreatic islets into the portal blood, 
under the influence of growth hormone. 

Growth hormone in vitro reduced glucose uptake by diaphragm muscles 
of hypophysectomized rats; the effects are discernible 24 hr. after a single 
injection of 20 wg. of the hormone per 100 gm. of rat weight (37). Similar 
treatment induced a significant decrease of glycogenesis in the diaphragm 
(38). When, during in vitro studies, growth hormone together with insulin 
was added to the incubation medium in which the diaphragm was suspended, 
the glycogenesis and glucose utilization ordinarily stimulated by insulin was 
found to be greatly diminished (39). These observations may suggest some 
correlation between the diabetogenic behavior of the growth hormone and 
its antagonistic action towards insulin. 

With regard to nitrogen storage produced by growth hormone, Gaebler 
et al. (40) discovered that small daily doses (2.5 to 10 mg.) were far more ef- 
fective than large single doses (200 mg.). This may explain the failure of 
large dosages of growth hormone to produce nitrogen storage in human sub- 
jects (41). De Jongh et al. (42) have reported that growth hormone caused a 
decrease of blood amino acid level in eviscerated hypophysectomized rats. 
If confirmed, it would suggest that the liver is not important for the growth- 
promoting activity of the hormone. 

The production of ketone bodies by growth hormone in the intact animal 
(43) has been confirmed by Bondy & Wilhelmi (44). The incorporation of 
deuterium into fatty acids was decreased by the administration of growth 
hormone (45). In depancreatized-hypophysectomized animals (Houssay 
cats), injection of the hormone inhibits the formation of long-chain fatty 
acids from C-labeled acetone by liver slices (46). However, the rate of ke- 
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tone body production by the intact rat liver is not altered by the administra- 
tion of growth hormone (44). 

Thus we can see that growth hormone can cause various metabolic 
changes which could be characterized as glycotrophic, pancreatrophic, glyco- 
static, diabetogenic, and ketogenic. This is not to be taken to mean, how- 
ever, that it is growth hormone exclusively which promotes these changes. 
In fact, it has already been demonstrated that ACTH is diabetogenic and 
ketogenic, as well. 

ACTH.—Soon after Sayers et al. (47) introduced the adrenal ascorbic 
acid-depleting technique for the assay of ACTH, it became evident that a 
certain lack of correlation existed between the ACTH potencies as deter- 
mined by this test and by the adrenal weight maintenance test (48). Rein- 
hardt & Li (49) have presented evidence in confirmation of this discrepancy 
between the two tests. Young and collaborators (50, 51, 52) used it as a basis 
for characterizing two separate ACTH fractions in anterior pituitary prepa- 
rations; namely, the adrenal ascorbic acid factor and the adrenal weight 
maintenance factor. Methods for the partial chemical separation of these 
two factors have also been described (39). On the basis of these observations, 
Reinhardt, Geschwind & Li (53) presented a critical evaluation of various 
ACTH bioassay methods, suggesting that in order to characterize the nature 
of any particular ACTH preparation, certain experimental conditions ought, 
ideally, to be available. First, it should be characterized as completely as 
possible in terms of physicochemical data, by means of solubility tests, 
electrophoretic and ultracentrifugal studies, chromatographic analyses, 
countercurrent distribution, and the like. Further, it should receive full 
biological determination, first, in its direct effects, such as adrenal ascorbic 
acid depletion, adrenal repair and maintenance and cholesterol depletion in 
the hypophysectomized rat, and adrenal hypertrophy in normal rats; sec- 
ondly, in its indirect effects, such as the involution of thymus and lymph 
nodes, decrease in blood lymphocytes, or changes in body weight, steroid 
excretion, and in electrolyte, carbohydrate, fat, and nitrogen metabolism. 
Thirdly, it should be submitted to tests for contaminating substances, in 
order to determine the presence of other anterior lobe hormones, or of anti- 
diuretic, pressor, or oxytocic factors. Moreover, it should be examined for 
immunological properties; and lastly, there should be attempted a correla- 
tion of the results of experimental studies with clinical responses. 

In interpreting the lack of correlation of results obtained by different as- 
say techniques, some investigators have postulated the existence of more 
than one ACTH factor (50, 51, 52). Before such a conclusion is unequivocally 
accepted, Reinhardt et al. (53) emphasize certain considerations: the varia- 
tions in the route of administration among the different tests, differences in 
the rate of absorption of material prepared by different chemical treatments, 
and the importance of differential time-response relationships between dif- 
ferent biological phenomena which may not always be assumed to hear 
causal or dependent relationships. 
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Any bioassay method must be founded on a clear understanding of the 
physiological or biochemical changes which result from the hormone injec- 
tion. The fact that the particulars about the relationship of ascorbic acid 
content to the adrenal function as a whole are still obscured, may explain 
the difficulties in assessing ACTH activity by the ascorbic acid depleting 
test. For instance, Jailer & Boas (54) found that although chronic adminis- 
tration of ACTH to the young chick caused adrenal hypertrophy, no altera- 
tion of the adrenal ascorbic acid content was observed; whereas, in the 
scorbutic guinea pig, it was possible to induce an increase of adrenal activity 
with ACTH (55, 56, 57). Thus, it is evident that ascorbic acid is not needed 
for the production and secretion of the corticosteroids which were formed as 
the result of ACTH injection. 

P®? as an index of adrenal function following a single injection of ACTH 
may be employed as an assay method (58, 59). Clayton & Prunty (60) have 
proposed as the basis for the estimation of the potency of the hormone the 
inhibiting effect of ACTH on the formation of granulation tissue in response 
to trauma in mice. Buttle & Squires (61) suggested the use of the ability of 
ACTH to antagonize histamine intoxication in guinea pigs for an assay pro- 
cedure, while Opsahl (62) used the inhibition of hyaluronidase-enhanced 
spreading as an index of ACTH activity. Geschwind e¢ al. (63) have short- 
ened the time required to perform the assay test of Sayers et al., by using a 
modification of ascorbic acid determination. 

In order to compare the biologic potency of various ACTH preparations, 
it is necessary to have a reference standard. The expert Committee on Bio- 
logical Standardization of the World Health Organization has accordingly 
set up an International Standard (64), a commercial preparation of ACTH 
derived from the batch La-1-A which has been used extensively in the past 
as a standard in research work, and for the universal standardization of 
therapeutic preparations of the hormone. The international unit (I.U.) of 
potency for ACTH is defined as the activity of 1 mg. of the standard prepa- 
ration. 

At the same time the U.S.P. standard has also been established (65). 
One U.S.P. unit of ACTH activity has been defined as the specific activity 
of 1 mg. of the International ACTH standard. However, for practical pur- 
poses, the unit cannot be defined accurately except in terms of the tablets of 
the provisional U.S.P. ACTH Reference Standard, 1 mg. of the latter being 
equivalent to 0.006 U.S.P. ACTH units. 

Smith et al. (66) reinvestigated in some detail the physical properties of 
swine ACTH prepared by the procedure of Sayers et al. (67). They found the 
isoelectric point to be pH 4.6, with Sx» =2.16 S and Dy=10.8X1077 sq. cm. 
per sec., which gave a molecular weight of 19400. Electrophoresis on the 
alkaline side of the isoelectric point revealed the protein to be 90 to 94 per 
cent pure; in acetate buffer at about pH 4, the preparation showed a number 
of components, and it was suggested from the data that the protein interacts 
specifically with the acetate ion in such a way that the primary particles are 
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reversibly aggregated. In strongly acid solutions, the hormone dissociates 
rapidly and smaller sedimentation constants without loss of biologic potency 
are observed (66). 

The homogeneity of sheep ACTH prepared by Li ef al. (68) has been re- 
affirmed by ultracentrifuge and diffusion studies (69). Ninety-nine per cent 
of the hormone nitrogen was accounted for by the amino acid content and 
amide-N (70). On the basis of the analytic data, the molecular weight was 
estimated to be 22600. It was found that the protein hormone could be kept 
at 100°C, in 1 M HCI for 25 min. with no loss of ACTH activity; further 
heating caused a total destruction of the potency. The acid-heat treatment 
was found useful in abolishing the activity of posterior pituitary contami- 
nants in ACTH preparations (71). In addition, an enhancement of ACTH 
potency was achieved (72, 73). 

It has been well-established that the hormone protein is not dialyzable 
when a cellophane bag is used at neutral pH (39). It can now be shown (69) 
that in acetic acid solutions, 20 to 40 per cent of the ACTH protein is dialyz- 
able and that both the undialyzable and dialyzable fractions contain adreno- 
cotrophic activity. That this dissociation is not reversible is indicated by data 
with the ultracentrifuge. When the hormone was boiled for 30 min. in 0.025 
M HCI, there appeared fragments of 0.9 S and 1.3 S in addition to the main 
component of 2.0 S. These observations together with those made by Smith 
et al. (66) support the inference (74, 75, 76) that the ACTH activity is asso- 
ciated with units smaller than the proteins isolated by the earlier procedures 
of Li et al. (68), and of Sayers et al. (67). Cortis-Jones et al. (76) reported 
that the total biological activity of the protein hormone of Sayers et al. is 
ultrafiltrable in 0.1 17 sodium acetate-acetic acid at pH 3.9. They were able 
to obtain ACTH active ultrafiltrates from crude ox pituitary extract. Later, 
in a preliminary note, Morris & Morris (77) announced the isolation of a 
peptide said to be homogeneous when submitted to paper chromatography 
and ionophoresis and which is approximately 10 times as active as the pro- 
tein hormone. A detailed account of the characterization of this peptide has 
not yet appeared. Geschwind et al. (78) have prepared active extracts from 
fresh sheep pituitary using 5 per cent trichloroacetic acid. 

It.is clear that under specific conditions and in the presence of certain 
agents, the hormone protein of Li et al. and Sayers et al. can be separated into 
active and inactive fractions. Hess et al. (79) found that electrodialysis of an 
acidic solution of the sheep protein hormone, using a vegetable parchment 
membrane in a field of high voltage, gave rise to two main fractions; of these, 
the cathode fraction, comprising from 15 to 20 per cent of the total material, 
possessed almost all of the hormone activity as determined by the adrenal 
ascrobic acid depletion technique (47). Carrier displacement on charcoal 
(80), countercurrent distribution (81), and paper electrophoresis (82) are 
other techniques capable of dissociating an active component from the hor- 
mone protein. Dixon et al. (52) reported the separation from the main but 
much less active component, of the active portion of the swine protein hor- 
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mone, using ionic exchange resin chromatography. Astwood e¢ al. (83) em- 
ployed oxidized cellulose to effect the same separation. 

All of this evidence makes it apparent that the hormone protein prepara- 
tions of Li et al. and Sayers et al. consist of various components, one of which 
can be separated out by electrodialysis, adsorption, and chromatographic 
methods, and is adrenocortically active. It may be noted that the active 
components which are separated out by these various methods are not 
necessarily identical.‘ The earlier techniques for purity studies, such as elec- 
trophoresis, ultracentrifuge, diffusion, and solubility, are now seen to be 
inadequate to establish the homogeneity of the hormone protein. As it has 
already been noted, the application of the more sensitive analytical tech- 
niques such as countercurrent distribution and chromatographic procedures, 
which have been recently applied to demonstrate the apparent inhomogene- 
ity of such well-characterized proteins as ribonuclease (84), lysozyme (85), 
and insulin (86), reveal that what was thought to be a homogeneous ACTH 
hormone protein also does not behave as a single substance. It should be 
pointed out, however, that each active component separated from the hor- 
mone protein by the above-mentioned techniques does not necessarily pos- 
sess all known adrenocorticotrophic activities (51, 87). Dixon et al. (51) 
have been able by ion exchange chromatography to separate the adrenal- 
weight-increasing activity from the adrenal ascorbic-acid-depleting potency. 
The oxycellulose adsorption procedures of Astwood et al. (83) applied to 
sheep hormone proteins have shown that the adsorbed material possesses 
high potency in depleting adrenal ascorbic acid, but low eosinopenic activity, 
whereas the eosinopenic activity of the unadsorbed main component of the 
protein hormone is as high as the original material (87). Whether, on the 
other hand, adrenal-stimulating activities other than the ascorbic-acid- 
depleting potency (adrenal weight increasing, adrenal repair, etc.) are ac- 
tually associated with the main inactive component remains to be investi- 
gated. 

The earlier reports (74, 75, 88) of the endurance of the ACTH activity 
after the protein hormone has undergone partial hydrolysis by pepsin have 
been confirmed in a number of laboratories (89 to 92). Several techniques 
have been applied in attempts to isolate in pure form an active component 
from this partial hydrolysate. Mendenhall & Li (93) employed starch and 
diatomaceous earth without success. Li, Tiselius e¢ al. (94) obtained some 
degree of purification using paper and displacement chromatography. It was 
found that the active component of the adrenocorticotrophic peptides was 
recovered from the slowest-moving ninhydrin-reactive area, when the ma- 
terial was chromatographed on paper using butanol-acetic acid as the solvent. 


* There have been speculations (50) to the effect that the active component sepa- 
rated from the protein hormone by these techniques must be a low molecular weight 
(peptide) component, but so far evidence is lacking which would establish this con- 
clusively. 
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Moreover, in these cases the activity was always found to be associated with 
the ninhydrin positive areas of the chromatograms. White, Fierce & Lesh 
(95) confirmed these observations, obtaining fractions possessing a potency 
of about 50 times that of the standard, by the use of the paper chromatopile 
technique of Mitchel & Haskins (96). It may be recalled that in earlier stud- 
ies the same investigators (90) had reported their inability to detect the 
highly potent preparations by ninhydrin reaction. 

Displacement development analysis (94) indicated that the active com- 
ponent of the peptide mixture adsorbs strongly on charcoal. By means of the 
carrier displacement technique of Tiselius & Hagdahl (97), with the use of 
normal alcohols of eight to ten carbon atoms as the carriers, it was possible 
to obtain an active fraction having a specific activity of about 40 times that 
of the standard (94, 98). The average molecular weight in this fraction as 
determined in ultracentrifuge by the Archibald technique (99) was found to 
be approximately 2000, in comparison with the lower value (1200) of the 
starting material (88). In this connection, it may be of interest to note that 
Lesh et al. (90) reported the molecular weight of their preparation to be be- 
tween 2,500 and 10,000, and they were led by these results to suggest that 
the preparation of Li et al. might consist of low-molecular material contain- 
ing a small amount of a very active fraction of higher molecular weight. 
Later reports from the Armour group indicated a molecular weight for this 
preparation of about 1500 (95), a value in agreement with the earlier data of 
Li et al. Waugh (100) has examined the purest sample of the ACTH active 
peptide fraction prepared by Lesh et al. (90, 95), in an ultracentrifuge with a 
separation cell which follows the distribution of the active material with a 
measurement of biological activity. He found an average molecular weight 
of 1640. Hence, it may be speculated that the molecular weight of the active 
component in the peptic digest of the ACTH protein is probably below 2000. 

The countercurrent distribution method of Craig (101) has also been ap- 
plied to the purification of partial peptic hydrolysates of ACTH. Lesh et al. 
(90) obtained a several-fold purification of the biologically active component 
during the process of distribution between phenol and water containing vary- 
ing amounts of ether. Carpenter, Hess & Li (102) have investigated various 
solvent systems, and have found that 2,4,6-collidine/water is the best from 
the point of view of the separation of biologic activity from inactive solids. 
They obtained thereby a roughly eight-fold purification of the active com- 
ponent of a partial peptic hydrolysate of sheep ACTH preparations. 

Trichloroacetic acid has been found to be useful in fractionating the 
active pepsin digest. Li et al. (39, 98) found that the activity of the digest 
may be concentrated in the 5 to 25 per cent trichloroacetic acid precipitate. 
It was also found that further hydrolysis with pepsin and trypsin abolishes 
the activity. The amino acid analysis of a highly purified fraction obtained 
by a combination of trichloroacetic acid fractionation and carrier displace- 
ment chromatography revealed it to have a low cystine content and to be 
essentially free from methionine and tyrosine. 
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The effect of reducing agents on the activity of ACTH protein and pep- 
tide preparations was studied by Harris & Li (103); hormone activity ap- 
peared to be undiminished after treatment with cysteine, sodium sulfite, 
thioglycolic acid, and thioglycol. In later experiments (104), the -SH groups 
produced by reduction of the protein hormone with thioglycol in the presence 
of urea were reacted with iodoacetamide; the introduction of 12 additional 
amide groups per molecular unit revealed that complete reduction of the 6 
-S-S- linkages known to be present in the hormone (70) had been achieved. 
Electrophoresis and ultracentrifuge studies indicated that the protein hor- 
mone had been split into sub units, but the reduced-alkylated preparations 
were found to be fully active. It was concluded that -S-S- and -SH groups 
are not essential constituents of an ACTH active molecule. 

The investigation of the functional groups which are essential for ACTH 
activity was extended by Harris & Li (103, 107). The preparation of carbo- 
benzyloxy and dinitrophenyl (DNP) derivatives of ACTH protein and pep- 
tide preparations appeared to confirm earlier observations (105) that the 
hormone activity depends upon the integrity of free amino groups. Moreover, 
ACTH activity was destroyed when protein and peptide preparations were 
esterified by the method of Fraenkel-Conrat & Olcott (106). Digestion of 
various ACTH preparations with crystalline carboxypeptidase, however, did 
not lead to loss of activity (107). At least 12 different amino acids were 
identified among products of carboxypeptidase digestion of the protein 
hormone. The simultaneous appearance of the amino acids would seem to 
indicate the presence of a large number of C-terminal groups. It was con- 
cluded that the C-terminal group of the active moiety either resists digestion 
with carboxypeptidase, or is unessential for hormone activity. 

Payne, Raben & Astwood (108) have given details of methods for pre- 
paring highly active ACTH fractions from acetone-dried pig pituitaries. 
The procedure, which uses acetic acid extract, is similar to that used by 
Kamm et al. (109) for the fractionation of posterior pituitary extracts. The 
method involves an initial extract with glacial acetic acid at 70°C. and 
subsequent fractionation with acetone and ether. The activity is adsorbed on 
powdered cellulose and eluted with hydrochloric acid. In this case, a several- 
fold purification was achieved by countercurrent distribution using a system 
of 2-butanol-water-organic acid (108). Later, Astwood et al. (110) obtained a 
20- to 80-fold purification by adsorption and elution from oxycellulose. A 
number of chromatographic techniques have been applied to this highly 
potent preparation for additional purification, but with little success (83). 
A combination of glacial acetic acid extraction of the acetone-dried pig an- 
terior pituitaries and oxycellulose adsorption forms possibly the best simple 
method for the preparation of highly active material in virtually quantita- 
tive yield (83). 

A simple procedure for the preparation of a biologically purified and 
clinically active ACTH in good yield from sheep pituitaries has been de- 
scribed (111). The final step in this procedure involved an acid-heat treat- 
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ment to remove the posterior pituitary contaminants, and with it, from 1 kg. 
of fresh sheep glands, 5—7 gm. of purified ACTH having a potency of twice 
the standard may be obtained. This amount represents an almost quantita- 
tive recovery of the hormone from the pituitary. Reiss & Halkerston (112) 
have given a procedure for obtaining a clinical ACTH preparation from 
fresh pig glands in which the separation of ACTH from the other hormones 
of the posterior pituitary was accomplished by successive precipitation in 
methanol at pH 9. Ghosh et al. (113) reported a simple method for recovering 
ACTH in quantitative yield from dry pig pituitary tissue; 10 gm. of the dry 
gland gave 700 to 900 mg. of the final product which was twice as active as 
the standard. Bée et al. (73, 114) and Benz et al. (91) obtained ACTH from 
whale pituitaries; and in addition, the ACTH content in the anterior pitui- 
tary of finn and blue whales has been investigated by Hennings (115). Horse 
glands were also found to be a good source of the hormone (116). 

The content of ACTH in human plasma has been determined by Born- 
stein & Trewhella (117), who found that the mean value in normal persons 
was 197+39 wg. per 100 cc. of plasma. However, no adrenocorticotrophic 
activity could be demonstrated in the urine of normal human subjects (118). 
The presence of ACTH in human placental tissue has been described by 
Opsahl & Long (119). 

In addition to these specific studies, there have been recently several 
reviews surveying the general field of the chemistry of ACTH (36, 83, 120, 
121). 

POsTERIOR PITUITARY HORMONES 


Since this subject was last reviewed, by White (5), considerable progress 
has been made, notably by du Vigneaud and his associates, towards the 
purification and elucidation of the chemical structures of the oxytocic and 
vasopressor principles produced by the posterior lobe of the pituitary gland. 

Oxytocin.—The countercurrent distribution technique of Craig (101) 
was applied to the purification of the oxytocic factor by Livermore & du 
Vigneaud (122), who obtained by this procedure a highly active preparation 
with a potency of 856 I.U. per mg. as estimated by the bioassay method of 
Coon (123). From the character of the distribution curve, it appeared that 
this highly potent preparation was essentially homogeneous. 

The amino acid composition of the oxytocic material was determined by 
Pierce & du Vigneaud (124). When a complete acid hydrolysate was chro- 
matographed on starch columns according to the procedures developed by 
Moore & Stein (125, 126, 127), it was found that eight amino acids; namely, 
leucine, isoleucine, tyrosine, proline, glutamic acid, aspartic acid, glycine 
and cystine, were present in essentially equimolar proportions, together with 
three equivalents of ammonia. The almost complete absence of other amino 
acids, together with the 1:1 ratio of those which were present, was further 
evidence for the purity of the oxytocic material prepared by the counter- 
current distribution procedure. 

A method for the preparation of highly purified oxytocin from lyophilized 
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beef posterior pituitary lobes was described by Pierce & du Vigneaud (128); 
this preparation gave the same distribution coefficient and had the same 
amino acid composition as the preparation obtained from a different source 
described by Livermore & du Vigneaud (122). In terms of amino acid and 
ammonia content, starch column analysis accounted for 96.5 per cent of the 
original nitrogen, while the cystine content accounted for the total sulfur 
present. Analyses for carbon, hydrogen, and nitrogen agreed with the theo- 
retical values for a polypeptide composed of eight amino acid residues to- 
gether with three moles of ammonia. Studies by Bell, quoted by Pierce & du 
Vigneaud (128), using a thermoelectric osmometer method (129), indicated 
a molecular weight in fair agreement with the minimum value expected for 
an octapeptide of this composition. Taking this interpretation as a working 
hypothesis, du Vigneaud and his associates initiated a series of degradative 
studies to investigate the arrangement of the constituent amino acids in the 
molecule. At this stage the authors (128) are careful to point out that their 
data does not rule out the possibility that the highly potent oxytocin prepara- 
tions contained other closely related compounds of the same amino acid com- 
position and distribution coefficient, or that a small moiety of the oxytocic 
principle may have escaped detection by the methods employed. 

Mueller et al. (130) studied the oxidation of oxytocin with performic acid. 
Neither free cysteic acid nor cysteic acid amide was liberated by this pro- 
cedure, but the fact that oxidation had taken place was evident from the oc- 
currence in an hydrolysate of the performic acid-treated material of two 
moles of cysteic acid for each mole of cystine present in the untreated prepa- 
ration. This result indicated that cystine does not occupy a terminal posi- 
tion in a straight-chain peptide structure. Furthermore, the failure of the 
countercurrent distribution procedure to separate the oxidized oxytocin into 
more than one component seemed to rule out the possibility that oxytocin 
is built up of two open peptide chains linked through a disulfide linkage. This 
aspect was investigated further by Turner, Pierce & du Vigneaud (131), who 
carried out desulfurization experiments with Raney nickel. On the basis of 
previous studies, desulfurization was expected to yield material in which the 
cystine molecule was replaced by two residues of alanine. Since cystine is 
not at the end of an open chain, no liberation of free alanine was anticipated. 
The experiments had the expected outcome; amino acid analysis of the desul- 
furized product indicated the presence of two additional moles of alanine per 
mole of cystine in the untreated oxytocin. Furthermore, the desulfurized 
material appeared to be homogeneous when subjected to procedures of 
countercurrent distribution and ion exchange fractionation. If the disulfide 
bond of cystine were not involved in a cyclic structure, desulfurization would 
result in the formation of at least two fragments. The fact that both oxidation 
and desulfurization of oxytocin resulted in products which behave as single 
components led Turner et al. (131) to postulate that the disulfide linkage of 
cystine is in some way involved in a cyclopeptide structure. 

At this point, Fromageot and his collaborators (132) reported the isola- 
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tion of a highly active oxytocin preparation, and confirmed the amino acid 
composition for oxytocin reported by Pierce & du Vigneaud (124). In addi- 
tion, they carried out experiments to determine the N-terminal amino acids 
in oxytocin, using the DNP technique of Sanger (28). DNP-oxytocin was 
prepared and subjected to acid hydrolysis; chromatography of the ether- 
soluble fraction of this preparation gave only one faint component which did 
not correspond to any of the DNP derivatives of amino acids known to be 
present in oxytocin. The aqueous acid fraction, and an acid hydrolysate of 
untreated oxytocin, were separately chromatographed on paper; all the 
amino acids present in oxytocin were accounted for except tyrosine which, 
however, was completely recovered as its O-DNP derivative: Hence, it was 
concluded that oxytocin is a peptide in which no primary or secondary 
amino groups are free to react with DNFB. In addition, oxytocin was treated 
with nitrous acid under the conditions described by Consden et al. (133); an 
hydrolysate of the treated material was shown by paper chromatography to 
be identical with the hydrolysate of unreacted oxytocin, an observation 
which appeared to confirm the absence of free amino groups in oxytocin. 

On the basis of these results, de Garilhe et al. (132) postulate that oxytocin 
is a cyclic polypeptide, or possibly a bicyclic peptide centered around the 
S-S linkage of the cystine residue. It was further suggested that the structure 
could be explained on the basis of a straight-chain peptide, containing as- 
paragine and glutamine and an internal ring system involving the -S-S- 
linkage of the cystine residue. In this event, in order to mask the terminal 
functional groups, the amino group would have to be blocked by a non-nitro- 
gen-containing residue (e.g., acetyl), and the carboxyl group bound in amide 
linkage, the latter to account for the liberation of three moles of ammonia on 
acid hydrolysis. 

The theories relating to the structure of oxytocin put forward by de 
Garilhe et al. appear, however, to be unlikely, particularly in view of more 
recent work reported by du Vigneaud (134), and by Davoll, e¢ al. (135). 
These workers applied the DNP technique of Sanger (28), and also the car- 
bon disulfide procedure of Levy (136) to investigations into the nature of 
the free amino groups in their oxytocin and desulfurized oxytocin prepara- 
tions. Six of the constituent amino acids, namely, leucine, isoleucine, proline, 
glutamic acid, aspartic acid, and glycine, were not affected by DNFB or 
carbon disulfide in either preparation; on this basis it was concluded that 
not one of these amino acids has its amino group free in the oxytocin mole- 
cule. 

Analysis of the unsubstituted amino acid fractions obtained after ether 
extraction of hydrolysates of DNP derivatives of oxytocin and its desulfur- 
ized analogue, revealed the absence of free tyrosine; O-DNP tyrosine was 
present, however, in agreement with the findings of de Garilhe et al. (132). 
Evidence was also obtained, contrary to the results of the French workers, 
for the presence of both N-DNP and O, N bis-DNP tyrosine in the ether- 
soluble fractions. Similarly, after reaction with carbon disulfide only a small 
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amount of free tyrosine was detected in the residual fraction analyzed for 
unreacted amino acids. From these results it appears that tyrosine occurs as 
an N-terminal residue in oxytocin. 

Cystine was the only other constituent amino acid of oxytocin to be af- 
fected by DNFB and carbon disulfide. Approximately 0.5 mole of the cystine 
appeared to react with DNFB to give an unidentified compound which ap- 
peared in the ether-soluble DN P amino acid fraction, while the remainder was 
accounted for as free cystine in the unsubstituted amino acid fraction; 
similarly, this fraction from oxytocin contained less cystine after reaction 
with carbon disulfide. Further confirmation of these results was obtained 
from the DNP derivative of the desulfurized oxytocin preparation; after 
acid hydrolysis and ether extraction, less material was found in the alanine- 
glutamic acid peak of a starch chromatogram than was present in a similar 
hydrolysate of the original material. Furthermore, DNP alanine was pre- 
sent in the ether-soluble DNP amino acid fraction, replacing the unidenti- 
fied compound, believed to be derived from cystine, which was present in the 
DNP amino acid fraction obtained from DNP oxytocin. 

To summarize, it appears from the available data that the amino group 
of the tyrosine residue and one ofthe amino groups of the cystine residue 
are present as N-terminal groups in the oxytocin molecule. The -S-S- linkage 
of the cystine residue is in some way involved in a ring structure, which, to 
account for the homogeneity of the oxidized and desulfurized forms might 
also contain an imide group; this, together with aspartic and glutamic acids 
in their 8 and y amide forms, respectively, would account for the liberation 
of three moles of ammonia on acid hydrolysis. The size of the ring would de- 
pend on the position of the cystine residue in the peptide structure. 

Assay by the Coon chicken-blood-pressure method (123) of the oxidized 
(130) and desulfurized (131) analogues of oxytocin showed both to be physio- 
logically inactive. In the case of the desulfurized material, however, the 
inactivation may have occurred during its recovery from the catalyst by 
repeated boiling of the nickel in alcoholic ammonia solution. 

Vasopressin.—Since the discovery of the pressor activity of the posterior 
lobe of the pituitary gland (137), considerable work has been published on 
the fractionation of extracts obtained from the gland. The physiological 
potency of various preparations, as well as the methods of fractionation em- 
ployed, have already been reviewed in detail (138, 139, 140). 

A method for the isolation of highly potent vasopressin preparations 
was reported by Turner, Pierce & du Vigneaud (141, 142). Crude vasopressin 
extracts were submitted to countercurrent distribution in two different 
solvent systems. This procedure gave material having a pressor activity of 
300 units per mg. By starch column analysis, the amino acids phenylalanine, 
tyrosine, proline, glutamic acid, aspartic acid, glycine, arginine and cystine 
together with three moles of ammonia, were found to be present in acid 
hydrolysates of the highly active vasopressin preparation. Although weight 
recovery in terms of amino acid residues and ammonia came to 91 per cent, 
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and the nitrogen recovery to only 87 per cent, it appears likely from a corre- 
lation of amino acid composition with increased purification, that the vaso- 
pressin molecule is built up from these eight amino acids, and ammonia. 


TABLE I 


AMINO Acip CoMPOSITION OF HIGH POTENCY OXYTOCIN AND 
VASOPRESSIN PREPARATIONS 











Oxytocin 


as | 
| 


Vasopressin 





Molar ratio with Molar ratio with 








Amino Acid | leucine expressed || Amino Acid | arginine expressed 

| as 1 as 1 
Leucine 1.00 } Arginine 1.00 
Isoleucine 1.00 Phenylalanine 1.01 
Tyrosine 0.97 | Tyrosine 0.92 
Proline 1.02 | Proline 1.10 
Glutamic Acid | 1.10 | Glutamic Acid 1.09 
AsparticAcid | 1.09 | Aspartic Acid 1.02 
Glycine | 1.09 | Glycine 1.09 
Cystine | 1.08 | Cystine 0.90 
Ammonia | 3.28 \ Ammonia 3.32 








It is of considerable interest that six of the eight amino acids found in 
hydrolysates of purified vasopressin occur also in hydrolysates of highly puri- 
fied oxytocin preparations (124). As shown in Table 1, tyrosine, proline, 
glutamic acid, aspartic acid, glycine, cystine and ammonia occur in similar 
amounts in both hormone preparations; the leucine and isoleucine found in 
oxytocin are replaced by arginine and phenylalanine residues in vasopressin. 
Preliminary studies on vasopressin treated with DNFB, reported by du 
Vigneaud (134), indicate that, as in the case of oxytocin, the a amino group 
of the tyrosine residue and one of the a amino groups of the cystine residue 
are present as N-terminal groups. The phenylalanine, proline, glutamic acid, 
aspartic acid, glycine, and arginine residues were completely recovered in the 
unsubstituted fraction after hydrolysis of DNP vasopressin. This result em- 
phasizes still further the striking similarity in over-all molecular structure 
between oxytocin and vasopressin. 

The successful isolation of pressor and oxytocic peptides by du Vigneaud 
and his collaborators gives rise to speculation concerning the actual state 
in which these hormones exist in the posterior pituitary, and in what form 
they are excreted by the gland. It may be recalled that a number of investi- 
gators have shown that oxytocic, pressor, and antidiuretic principles are 
associated with protein-like molecules in fresh posterior lobes (143, 144, 
145). In fact, van Dyke et al. (145) isolated from ox glands a protein which 
appeared to be homogeneous and which possessed a constant ratio of oxy- 
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tocic, pressor, and antidiuretic principles; furthermore, the ratio of activities 
in the protein was identical to that found in fresh or acetone desiccated pos- 
terior lobes. More recently Ames, Moore & Van Dyke (146) found anti- 
diuretic activity in the urine; it was found that the excreted antidiuretic 
principle could be concentrated in the ultracentrifuge and was not dialyzable 
through a cellulose membrane under pressure. These results would seem to 
indicate that the antidiuretic hormone behaves as a large molecule rather 
than as a peptide substance. 

A review of the methods of assay for the oxytocic, vasopressor, and anti- 
diuretic hormones has been presented by Stewart (147). 


INSULIN 


Physical studies —The results of ultracentrifuge studies by Gutfreund 
(148), and by Oncley & Ellenbogen (149), indicated that insulin had a mini- 
mum molecular weight in the region of 12000; furthermore, in aqueous solu- 
tion the insulin monomer was believed to be in equilibrium with higher tri- 
or tetrameric aggregates, the equilibrium being dependent on protein con- 
centration, pH, and the ionic strength of the medium (149). Volkin (150) 
found that the solubility of insulin in the isoelectric range (pH 5 to 8) was 
appreciably increased in the presence of thiocyanate ions. In contrast, addi- 
tion of these anions to acid solutions in which insulin is highly soluble re- 
sulted in almost complete precipitation of the protein. Subsequent quantita- 
tive studies on the effect of thiocyanate on the solubility of insulin led 
Schwert & Neurath (151) to the conclusion that the precipitating action of 
thiocyanate is directed primarily towards the tri- or tetrameric forms of in- 
sulin and that precipitation is favored by any factors which tend to promote 
aggregation. 

Fredericq & Neurath (152) investigated the effects of thiocyanate on the 
physical properties of insulin as determined by equilibrium dialysis, sedi- 
mentation, electrophoresis, and solubility studies, and compared the effect 
of thiocyanate with that produced by other ions. Sedimentation measure- 
ments in dihydrogen phosphate solution at pH 2.6, and extrapolation to 
zero protein concentration, gave a proposed value of 6000 as the minimum 
molecular weight of the insulin submolecule. Fredericq (153) studied the 
dissociation of insulin in spread monolayers; experiments with surface films 
on a 0.01 N hydrochloric acid solution in the region of very low surface 
pressures (0.05 to 0.5 dyne/cm.) gave consistent molecular weight values 
of from 5000 to 6000. These experiments also indicated an interesting paral- 
lelism between the behavior of insulin in monolayers and in solution, par- 
ticularly with respect to its property of reversible dissociation at acid pH. 
Tietze & Neurath (154) studied the molecular weight of insulin in phosphate 
buffer by the method of light scattering; extrapolation of the scattering data to 
infinite dilution gave a value of 12000 (+1000). While these results appear 
to confirm the earlier work of Gutfreund (148), and of Oncley & Ellenbogen 
(149), the authors (154) did not consider the evidence to be conclusive be- 
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cause of the well-known sensitivity of the light-scattering method to small 
amounts of high molecular weight impurities. 

At first sight, the proposed value of 6000 for the minimum molecular 
weight of insulin appears to be incompatible with values obtained for the 
amino acid composition (155 to 158) of the protein hormone. While for most 
amino acids the number of residues per unit of molecular weight of 6000 ap- 
proximates to a whole number, the data collected by Tristram (157) give 
values for glycine, proline, and isoleucine corresponding to 7.0, 1.5, and 1.3 
residues, respectively. However, in the few instances where an odd number 
of amino acid residues has been reported on the basis of a molecular weight 
of 12000, there is disagreement between figures quoted by different analysts 
(155 to 158), with the one exception of glycine for which a value of seven has 
been obtained consistently. A more recent value for glycine which emerges 
from the work of Sanger (159), and Sanger & Tuppy (160, 161), on amino 
acid sequences in fractions A and B derived from oxidized insulin, indicates 
a minimum of eight glycine residues per unit of 12000. It thus seems evident 
that the possibility of the existence of a monomer of molecular weight 6000 
cannot be ruled out entirely on the basis of the present analytical data, which 
also must be interpreted with caution in view of possible differences between 
the amino acid compositions of the various protein hormones isolated from 
different species [cf. Sanger (162)]. 

A preparation of insulin, which had been shown by Fredericq & Neurath 
(152) to give a solubility curve indicative of a single homogeneous compo- 
nent, was ‘submitted to countercurrent distribution by Harfenist & Craig 
(163); after a large number of transfers, evidence was obtained for the pre- 
sence of two components having slightly different partition ratios. This 
result was considered by the authors to furnish a possible explanation for 
the inconsistencies between the minimum molecular weight of 6000 pro- 
posed for the insulin subunit (152) and the published quantitative amino 
acid analyses (155 to 158). 

It is now established with fair certainty that in solution the state of molec- 
ular dispersion of insulin is dependent on the net charge of the protein 
(148, 149, 152). Mommaerts & Neurath (164) considered the possibility of 
varying the net positive charge of the protein by chemical modification of 
specific ionizable groups; with this end in view, insulin methyl ester was pre- 
pared by the method of Fraenkel-Conrat & Olcott (106). Under carefully 
controlled conditions an uptake of 12 moles of methoxy groups per molec- 
ular unit of 12000 was achieved. No ammonia was liberated at this stage, 
and since the esterified protein had no buffer capacity at pH 3.5, it was con- 
cluded that the initially available carboxyl groups of insulin had been com- 
pletely and exclusively esterified. No loss of biological activity was apparent 
when up to two-thirds of the initially available carboxyl groups had been 
esterified. Further esterification, however, led to rapid inactivation. 

In a subsequent communication Mommaerts & Neurath (165) reported 
the effect of esterification on the molecular aggregation of insulin as meas- 
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TABLE II 
Amino Acip COMPOSITIONS OF INSULIN AND OF FRACTIONS A AND B 


(Results expressed as number of residues per molecule of insulin) 

















} Insulin Fraction | Fraction 
Amino Acid = |-——-—----——- —, -— -—- — B At 2(A+B) 
Chibnall Brandt Fromageot Sanger | Sanger 
Glycine 6.9 7.4 7 3 1 8 
Alanine 68 | — 6 2 1 6 
Valine 8.0 | 9.1 8 3 2 10 
Leucine 12.0 12.3 | 13 4 2 12 
Isoleucine ae a Se 2 0 1 2 
Proline 2.7 3.1 | 2 1 0 2 
Phenylalanine 5.9 | 5.7 6 3 | 0 6 
Tyrosine 8.7 | 8.2 | 8 | 2 2 | 8 
Glutamic Acid 15.0 | a a ee eee ee 14 
Aspartic Acid _ 6.1 | aed 1 i or 
Serine 6.0 | 6.6 6 1 2 | 6 
Threonine ae. a4 > FF 0 | 2 
Cystine/2 12.5 | 11.0 | 12 2° ee | &@ 
Arginine | 24 | 2.4 | - id an oe 
Histidine 2 ee ee eee eee 0 4 
Lysine | to 2 1 0 2 
Amide } 1.6 | 15.1 | 12 | 2 a 


_ 





+ Approximate analysis. 

* As cysteic acid. 

t If pig insulin was used, it might account for some of the discrepancies between 
the figures quoted by Brand and those of other workers. Fraction A prepared from pig 
insulin was found to contain threonine {Sanger (6)]. This may account for the high 
value attained by Brand. 


ured by sedimentation analysis in solutions of varying ionic strengths. 
Whereas crystalline insulin is monodisperse in the ultracentrifuge, the ester- 
ified protein was found to give two components: a predominating slower- 
moving component, and a faster-moving component which increases in 
concentration as the esterification becomes more complete. The ultracen- 
trifugal measurements indicated clearly that esterification of the carboxyl 
groups of insulin led to a progressive decrease in the sedimentation rate of 
the slower-moving component, which gradually approached a limiting value 
of about 1.5 Sin a 1 per cent protein solution. This phenomenon is analogous 
to that seen when the net positive charge of native insulin is increased with 
decreasing pH through progressive dissociation of the insulin polymer into 
its monomeric units (148, 149, 152). The faster-moving component appeared 
to represent a secondary aggregation product and its formation probably en- 
tails a form of intramolecular rearrangement which can be considered to 
involve denaturation (165). 
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Elliott et al. (166) examined the infrared absorption bands characteristic 
of the peptide linkage in both native and denatured insulin; the frequency of 
the C =0 absorption band decreased as a result of denaturation. The change 
from the extended 8-chain configuration of a synthetic polypeptide to the 
folded a-form is accompanied by an increase in the frequency of the infrared 
absorption band characteristic of the C =0 peptide link (167). Hence it was 
suggested (166) that native insulin consists of polypeptide chains in the 
same a-fold as the a-synthetic polypeptides and that denaturation is ac- 
companied by an extension of the chains into the B-configuration. The a-B- 
transformation must occur without cleavage of the S-S linkages between 
chains, since the disulfide links must be preserved to explain the phenom- 
enon of reversible denaturation of insulin. 

Structural studies—One of the outstanding problems of protein chem- 
istry is the elucidation of the order of the amino acid residues in the constit- 
uent peptide chains of protein molecules. The DNFB method for the identi- 
fication of amino acids possessing free a-amino groups (N-terminal residues) 
in peptide and protein molecules was developed and applied to insulin by 
Sanger (28). By this method, insulin was shown to contain glycine and phen- 
ylalanine N-terminal residues, each being present to the extent of two moles 
per mole of insulin, assuming a molecular weight of 12000.° It was also con- 
cluded that the insulin molecule is built up of four open polypeptide chains 
linked together through -S-S bridges. By performic acid oxidation, Sanger 
(159) showed that the S-S linkages could be broken and the oxidized insulin 
separated into two main fractions; namely, an acidic fraction A which had 
glycine as N-terminal residue, and a basic fraction B which had phenylalanine 
as N-terminal residue. Sanger (169) extended the DNP procedure to identify 
terminal peptides in insulin. The DNP derivatives of fractions A and B from 
oxidized insulin were submitted to partial acid hydrolysis. The DNP pep- 
tides obtained in this way were separated from the unsubstituted peptides, 
and the mixture of DNP peptides was fractionated on silica gel columns. The 
amino acid composition of each DNP peptide was identified by hydrolysis 
and chromatography on paper; the yellow DNP amino acids and peptides 
were also estimated colorimetrically. In this way it was shown that both of the 
terminal phenylalanine residues occur in the insulin molecule in the form of 
the single tetrapeptide sequence phenylalanyl-valyl-aspartyl-glutamic acid; 
furthermore, the two lysine residues, which are also present in fraction B, 
both occur in the sequence threonyl-prolyl-lysyl-alanine. No DNP peptides 
were present which did not fit into these two sequences; from an estimation 
of the yields of DNP peptides produced during partial hydrolysis of DNP 
insulin, Sanger concluded that all the N-terminal phenylalanine residues and 
all the lysine residues were present in these two sequences. This indicated 
that only one type of phenylalanine chain was present in the insulin mole- 


5 By means of their “‘pipsyl’”’ method, Udenfriend & Velick (168) could account 


for the presence of only one N-terminal glycine and one N-terminal phenylalanine per 
mole of insulin. 
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cule. Similarly, both of the terminal glycine residues were shown to be pres- 
ent in the pentapeptide sequence, glycyl-isoleucyl-valyl-glutamyl-glutamic 
acid. It was concluded from these partial hydrolysis studies that the insulin 
molecule of molecular weight 12000 is built up of two identical phenyl- 
alanine peptide chains and two identical glycine chains, the four chains being 
joined together by six -S-S- linkages. Possible structures for a molecule of 
this kind were proposed by Sanger (170). Insulins from different species, how- 
ever, might give rise to A Fractions of slightly different amino acid composi- 
tions (162, 171). 

Having achieved such considerable success, Sanger & Tuppy (160) em- 
barked upon the ambitious undertaking of determining the complete amino 
acid sequence of fraction B. The technique developed by Consden, Gordon, 
& Martin (133) for the fractionation of lower peptides using paper chroma- 
tography, which was successfully applied to the determination of the penta- 
peptide sequence of gramicidin-S by Consden et al. (172), was used (160) for 
the study of partial acid and alkaline hydrolysates of fraction B. Several 
conditions of hydrolysis were tried, but concentrated hydrochloric acid used 
at low temperatures emerged as the most generally useful method [cf. Synge 
(173)]; no apparent destruction of amino acids occurred, and a wide variety 
of lower peptides was produced. The partial hydrolysates obtained were too 
complex for direct fractionation by paper chromatography, and it was found 
necessary to make preliminary group separations involving adsorption on 
charcoal, separation on ion exchange resins, and ionophoresis. The groups of 
peptide mixtures obtained by these methods were then separately subjected 
to further fractionation by chromatography on paper. The amino acid com- 
position of each peptide component was deduced by chromatography of 
hydrolysates, and in most cases the N-terminal residues of the various 
peptides were determined by the DNP procedure. 

In all, 50 peptides were detected and identified among the partial deg- 
radation products of fraction B, and from an analysis of their amino acid 
compositions and N-terminal groups the following amino acid sequences 
were deduced: 

Phe.Val.Asp.Glu.His.Leu.Cy.SO3;H.Gly. Thr.Pro.Lys.Ala. 

Gly.Glu.Arg.Gly. Tyr.Leu.Val.CySO3H.Gly. 
Ser. His.Leu.Val.Glu.Ala. 

Of all the dipeptide combinations that could be produced by further 
breakdown of these five sequences, only one, Pro.Lys., was not detected. 
This lends powerful support to the view that fraction B consists of only one 
homogeneous peptide chain. All the peptide spots present in detectable 
amounts were identified and not one was found which did not fit into one of 
the five sequences listed above. 

At this stage it was not possible to determine the complete structure of 
the polypeptide chain, and in an endeavor to find the missing evidence 
Sanger & Tuppy (161) turned their attention to the hydrolysis of fraction B 
by the proteolytic enzymes pepsin, chymotrypsin and trypsin. The tech- 
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niques used to investigate the peptides formed by enzymatic digestion were 
similar to those used in the acid hydrolysis work. In general, these peptides 
were longer than those present in acid and alkaline hydrolysates, but they 
were successfully fractionated by two dimensional chromatography on 
paper following preliminary group separation into acid, neutral and basic 
fractions. N-terminal residues were identified by the DNP procedure and 
the presence of only one N-terminal residue was good evidence for the homo- 
geneity of the peptide fragments under investigation; the remaining amino 
acids were identified by the two-dimensional chromatography of complete 
acid hydrolysates. 

Identifying 10 peptides from peptic, tryptic, and chymotryptic digests 
enabled Sanger & Tuppy to determine the complete amino acid sequence of 
fraction B, and hence of the phenylalanyl chain of the insulin molecule. The 
piecing together of all the evidence obtained from a study of the numerous 
partial degradation products was in itself a feat of great ingenuity; in this 
task the authors were greatly assisted by the fact that several of the amino 
acids, namely, aspartic acid, serine, threonine, proline, lysine and arginine, 
occur only once in the complete sequence. Peptide fragments which con- 
tained any one of these amino acids obviously belonged to the same sequence, 
and hence, they served as hinges around which the complete sequence was 
finally constructed. 

Amino acid sequence of fraction B.—Phe.Val.Asp.Glu.His.Leu.CySO3H. 
Gly.Ser.His. Leu. Val. Glu. Ala. Leu. Tyr. Leu. Val. CySO3;H. Gly. Glu. Arg. Gly. 
Phe.Phe.Tyr.Thr.Pro.Lys.Ala. 

Several investigators have endeavored to identify the C-terminal amino 
acids in the insulin molecule. Lens (174) studied the action of carboxypepti- 
dase on insulin and postulated that alanine occurred at the carboxyl end of 
one, and possibly three, of the constituent peptide chains. Reduction of 
insulin with lithium aluminum hydride, followed by the identification of the 
primary alcohols formed after hydrolysis of the reduced protein, led Froma- 
geot et al. (176) to conclude that two glycine and two alanine C-terminal 
groups were present in the insulin molecule. Since the N-terminal glycine 
residues of Fraction A account for the total glycine content of this fraction 
{Sanger (159)], it was postulated (176) that the glycine C-terminal residues 
belong to the B chains and the alanine C-terminal residues to the A chains. 
It is difficult to correlate these findings with the amino acid sequence pro- 
posed for Fraction B by Sanger & Tuppy (161). Reduction of esterified in- 
sulin with lithium borohydride, followed by the identification and quantita- 
tive estimation of the amino alcohols formed after hydrolysis, led Chibnall & 

*Rees (177) to the conclusion that insulin contained two C-terminal alanine 
residues, one C-terminal glycine residue, and a fourth unidentified C-terminal 
residue which gave rise to an unknown amino alcohol. Alanine was also 
identified as a C-terminal amino acid in insulin by Waley & Watson (178). 
Harris (175) reinvestigated the action of carboxypeptidase on insulin and 
found that both alanine and asparagine were liberated simultaneously; the 
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rate of formation of alanine was approximately eight times that of the 
asparagine. That alanine is in fact the C-terminal residue of the phenyl- 
alanine chains in insulin (161) was confirmed when it was formed by the 
digestion of Fraction B with carboxypeptidase. Similarly, the formation of 
asparagine by digestion of Fraction A with the enzyme indicates that it is 
present at the carboxyl end of the glycine chains in insulin. Glycine was not 
produced by the action of carboxypeptidase on either insulin or its fractions, 
and it might be suggested that the C-terminal glycine found by Fromageot 
et al. (176) and Chibnall & Rees (177), was formed under the conditions of 
their experiments, as, for example, by cleavage of the labile Gly. Ser. linkage 
in the phenylalanine chains of the insulin molecule. 

Butler et al. (179) observed a slight hydrolysis of insulin by trypsin, and 
later (180) suggested that trypsin breaks one or two peptide bonds in the 
molecule, although they did not identify any breakdown products. It is of 
interest that Sanger & Tuppy (152) found that free alanine (which is linked 
to the carboxyl group of lysine) was liberated by the action of trypsin on 
fraction B; the only other bond split to any appreciable extent involves the 
carboxyl group of arginine in the sequence -arg.gly-. These findings are in 
complete accord with the results of specificity studies on synthetic substrates 
{cf. Bergmann (181)], and probably account for the observations of Butler 
et al. (179, 180) on intact insulin. 

It was also shown by Butler ef al. (179) that chymotryptic digestion of 
insulin releases a number of peptide fragments which are soluble in 0.25 N 
trichloroacetic acid, leaving an insoluble ‘‘core’’ having a molecular weight 
of approximately 5000. The core material was studied further by Butler 
et al. (182), and by Stephen (183). The number of peptide bonds which were 
broken, and the distribution of amino acids between the core and peptide 
material, suggested (182) that bonds involving the carboxyl groups of aro- 
matic residues were preferentially split by chymotrypsin in accordance with 
the specificity observed by Bergmann & Fruton (184). The N-terminal 
amino acids of the core were found to be glycine and valine, as compared with 
glycine and phenylalanine for intact insulin. 

The core material was oxidized with performic acid (183), but applica- 
tion of Sanger’s fractionation technique (159) did not give two homogeneous 
fractions as in the case of insulin. The oxidation products of the DNP de- 
rivative of the core, and DNP derivatives of the oxidized core could, never- 
theless, be fractionated. The fractions obtained appeared to be complex, as 
indicated by the multiplicity of their end groups. One of the DNP fractions, 
however, representing about 13 per cent of the total product, had a glycine 
N-terminal residue, a molecular weight in the neighborhood of 2000, and a* 
high cystine content. After digestion with pancreatin a terminal DNP pep- 
tide was obtained, which on acid hydrolysis gave N-DNP glycine, valine, 
isoleucine, glutamic acid, and leucine, and one can almost certainly infer its 
derivation from the glycyl chain of Sanger’s fraction A. Sanger (169) identi- 
fied the N-terminal pentapeptide sequence, glycyl-isoleucy!-valyl-glutamyl- 
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glutamic acid, and from Stephen's work (183) it is probable that the sixth 
amino acid in the sequence is leucine. 

Since the amino-end portion of the glycyl chain of fraction A appears to 
be intact in the core, it is of interest to find that phenylalanine, the N-termi- 
nal residue of the B chain, is linked through its carboxyl group to valine 
which was found to be the other N-terminal residue in the core. Furthermore, 
it is now known that the aromatic amino acids occur towards the carboxyl 
end of the B chain. On the basis of this evidence it can be speculated that 
chymotryptic digestion of insulin probably splits off phenylalanine from the 
N-terminal position of its B chains leaving valine as the new N-terminal 
amino acid. In addition, the B chains (and possibly the A chains as well) 
become shortened by loss of peptides from the carboxyl end, to yield the 
core material obtained by Butler and his associates. 

Phillips (185) attempted to fractionate trichloroacetic acid-soluble pep- 
tides from chymotryptic digests of insulin by two-dimensional chromatog- 
raphy on paper. Several well-defined spots were observed but none of the 
products of digestion were characterized. Later, Phillips (186) described ad- 
ditional observations on the chymotryptic digestion of insulin; the pH di- 
gestion rate curve showed two optima, at pH 8.6 and 9.5, and the degrada- 
tion had the character of the “‘all or none’’ mechanism postulated by Tiselius 
& Eriksson-Quensel (187). 

Essential groups——Numerous attempts have been made to determine 
which groups of the insulin molecule are responsible for its physiological ac- 
tivity. The chief method of approach to this problem has been to react in- 
sulin with a reagent which is specific for a single type of group, and to test 
the product for hormone activity. From such experiments it has emerged 
that the intact polypeptide structure of the molecule seems to be essential to 
its physiological activity. Reaction of insulin with specific reagents has 
shown, however, that some protein groups can be modified without loss of 
activity, as long as the integrity of the protein molecule is maintained. 
Fraenkel-Conrat & Fraenkel-Conrat (188) have extended this type of ap- 
proach; insulin was treated under carefully controlled conditions with acetic 
anhydride, ketene, aromatic isocyanates, iodine, diazobenzene sulfonic acid, 
phosphorus pentoxide, thioglycol, formaldehyde, and other reagents, either 
singly or in sequence. From assays of the various reaction products, and 
from data already in the literature, the authors came to the following con- 
clusions: (a) free amino and aliphatic hydroxyl groups are not essential for 
activity; (b) some amide, guanidine, tyrosine phenolic groups, and histidine 
imidazole groups can be substituted without loss of activity, although ex- 
tensive iodination or coupling of phenolic imidazole groups results in marked 
inactivation; (c) reduction of disulfide bonds and esterification of carboxyl 
groups lead to loss of hormone activity. 

Butler et al. (180) stated that some inactivation occurred when insulin 
was treated with trypsin. Using a lower ratio of enzyme to substrate, Van 
Abeele & Campbell (189) found that, whereas trypsin completely destroyed 
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the hyperglycaemic activity present in the insulin, it produced no detectable 
loss of insulin activity. The resulting insulin-trypsin complex was found to 
be very stable, and although this procedure was useful for preparing insulin 
free from hyperglycaemic activity, the resulting insulin was found to have 
slight proteolytic activity. Kaplan et al. (190) demonstrated the inactiva- 
tion of insulin by ultraviolet irradiation. 

Bioassay.—Waugh (191, 192, 193) observed that when insulin fibrils 
(formed by heating a solution of insulin) were cooled in the presence of a 
solution of the native hormone, the seed fibrils would elongate and remove 
the hormone quantitatively from solution; this became the basis of a new 
method for the im vitro assay of insulin, since the amount of fibrils precipi- 
tated could be taken as a measure of the insulin content of an unknown solu- 
tion or extract. Waugh et al. (194) showed that results obtained by the fibril 
precipitation assay technique were in good agreement with data obtained 
by the in vivo mouse convulsion method (195). 

A qualitative microassay method, based on the shift of potassium from 
the medium into the isolated rat diaphragm, which occurs in the presence of 
minute amounts of insulin, was proposed by Willebrands e¢ al. (196); it was 
found that 0.2 milliunit of insulin had a significant effect upon the potassium 
shift. Bornstein (197) described a biological technique using alloxan-dia- 
betic, hypophysectomized, adrenalectomized rats, for the assay of small 
quantities (0.05 milliunit) of crystalline insulin. By this method, the plasma 
insulin concentrations in man after fasting were found to be 0.1 milliunit 
per ml. (198). 
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WATER-SOLUBLE VITAMINS CONCERNED WITH ONE- 
AND TWO-CARBON INTERMEDIATES!?*4 


By ARNOLD D. WELCH AND CHARLES A. NICHOL 


Department of Pharmacology, School of Medicine, Western Reserve University, 
Cleveland, Ohio 


INTRODUCTION 


A fairly clear picture now exists concerning the metabolic requirements 
for and the function of some of those members of the water-soluble group of 
vitamins which were among the first to be recognized. Concerning the newer 
members of this class of compounds, the details of our knowledge are much 
more hazy; however, there is now convincing evidence that some of these 
are concerned with the formation and utilization of certain one- and two- 
carbon intermediates which are involved in anabolism and catabolism. 
Sufficient advances appear now to have been made in our knowledge of these 
newer vitamins to justify examination of their interrelated roles in these 
processes. Accordingly, in this review consideration has been given especially 
to those vitamins concerned with one-carbon intermediates, namely, deriva- 
tives of folic acid and the cobalamins, ascorbic acid and biotin; and to panto- 
thenic acid, which appears to be concerned with the transfer of two-carbon 
and possibly larger intermediates. 


PTEROYLGLUTAMIC ACID OR FoLic AcID AND CITROVORUM FACTOR 
oR Fotinic AciD; INTERRELATIONSHIPS WITH ASCORBIC ACID 


During 1951 considerable advance has occurred in our knowledge of the 
properties and metabolic significance of a group of substances closely related 
to and usually metabolically derivable from pteroylglutamic acid (PGA). 
The terms citrovorum factor (CF) and folinic acid have been applied to these 
substances, which support the rapid growth of Leuconostoc citrovorum, a 
property not possessed by PGA; Streptococcus faecalis and Lactobacillus casei 
respond similarly to PGA and CF. 


1 This review covers the period from January 1 to December 31, 1951. 

? The following abbreviations are used throughout: FA for folic acid, i.e., those 
compounds able to promote the growth of Streptococcus faecalis R (ATCC 8043) and 
Lactobacillus casei (ATCC 7469); CF for citrovorum factor (folinic acid), i.e., those 
compounds, synthetic and natural, able to support the growth of Leuconostoc citro- 
vorum (ATCC 8081); PGA refers specifically to pteroylglutamic acid; CoA signifies 
coenzyme A; and ATP connotes adenosinetriphosphate. 

3 See also recent reviews by Welch & Heinle (1), Jukes & Stokstad (2), Smith (3), 
Ungley (4), Girdwood (5), Shive (376), Barker (335), and Lichstein (367). 

4 The reader should note that material on folic acid, citrovorum factor, and vita- 
min By2 is to be found not only in the first two sections of this review, but also in a 
third section which considers the formation and transfer of one-carbon intermediates. 
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Structure of synthetic citrovorum factor (folinic acid-SF; leucovorin).— 
Preliminary mention was made in the 1951 review [Emerson & Folkers (6)] 
of a proposed structure (Fig. 1), 5-formyl-5,6,7,8-tetrahydropteroylglutamic 
acid, for a synthetic form of CF (folinic acid-SF) prepared by Flynn et al. 
(7); further details have been presented by Pohland et al. (8) and by May 
et al. (9). This structure has been verified by Cosulich e¢ al. (10), who worked 
with a crystalline material (leucovorin) derived from PGA by catalytic 
hydrogenation in the presence of formic acid [Brockman e¢ al. (11)]. In 0.1 
N sodium hydroxide the synthetic material exhibited an absorption maxi- 
mum at 282 my and a minimum at 243 mu. 


ae H H 
H mi ALA coon 


CH,—CH,—COOH 


Fic. 1. Synthetic citrovorum factor (folinic acid-SF; leucovorin). 


Crystalline CF isolated from liver was approximately twice as active as 
the synthetic form for L. citrovorum [Silverman & Keresztesy (12); Keresz- 
tesy & Silverman (13)]. This difference in potency would suggest the oc- 
currence in synthetic material of two optical isomers as a result of the 
acquired asymmetry of carbon-6; however, differences in the absorption 
spectra and in the activity of the acid degradation products (12) appear to 
be inconsistent with this conclusion. 

Effect of acid on natural and synthetic citrovorum factors—By treatment 
of leucovorin at pH 1.3 (HCI), Cosulich et al. (10) obtained a crystalline 
compound, C2.H2N70,Cl, isoleucovorin chloride; this, on recrystallization 
at pH 2 (0.01 N HCl), gave a compound, C2oH2N7O¢, termed anhydro- 
leucovorin-A, and on recrystallization at pH 4 (hot) a compound with the 
same empirical formula, termed anhydroleucovorin-B. In 0.1 N HCl each 
of these compounds exhibited an absorption maximum at 355 my (T=35+1 
per cent, 10 mg./l.); in anaerobic sodium hydroxide solution each was con- 
verted to leucovorin in high yield. These compounds represent a class of 
tetrahydropteroylglutamic acid derivatives in which an imidazoline or 
imidazolidine ring links the N*- and N'-positions by a single carbon bridge 
derived from the formyl group; such ring compounds may be intermediates 
involved in the synthesis of leucovorin. 

The product formed when leucovorin is allowed to stand at pH2 for 24 hr., 
presumably anhydroleucovorin-A, was shown to be about one-tenth as 
active as leucovorin in protecting mice against the lethal action of aminop- 
terin; in pernicious anemia, activity was demonstrated which probably was 
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of a somewhat lower order than that of leucovorin [Cartwright et al. (14)]. 
Bond et al. (15) and Bardos et al. (16) had noted that although very mild 
acid hydrolysis inactivated natural folinic acid (loss of activity for L. 
citrovorum), biological activities similar to those of FA (activity for S. 
faecalis) were retained. Comparable findings were described by Brockman 
et al. (11) and by Broquist et al. (17). 

Storage of natural CF at room temperature for 24 hr. in 0.1 N hydro- 
chloric acid resulted not only in a loss of activity for L. citrovorum, but also 
in a 41 to 48 per cent loss of activity for S. faecalis, although storage of 
PGA under similar conditions caused no loss of activity for the latter 
organism [Keresztesy & Silverman (13)]. These findings have important im- 
plications with regard to the structure of the product(s) of acid-treatment of 
natural vs. synthetic CF; further, they suggest that the material in horse 
liver with activity for S. faecalis, which was noted in 1947 by Pfiffner et al. 
(18) to be labile to acid, may well have been CF. 

In comparative studies of synthetic and natural CF, Silverman & 
Keresztesy (12) found that, for S. faecalis, 1.0 ug. of leucovorin was equiva- 
lent to 0.572 ug. of PGA, while 1.0 wg. of impure natural CF (176 CF units 
per ug.) was equal to 0.648 wg. of PGA. The pure natural material, which 
subsequently was crystallized as the barium salt, contained 237 CF units 
per wg. (13). If this substance was identical in molecular weight and prop- 
erties with the synthetic material, natural CF as the anhydrous free acid 
would contain 315 units per wg., and if the impurity in the earlier fraction 
was without microbial activity, 1.0 wg. of the pure compound would have 
the activity for S. faecalis of 1.15 wg. of PGA. Since this activity also is twice 
that of leucovorin for S. faecalis, considerable support is given to the concept 
that the synthetic and natural materials differ only in that the former con- 
tains equal amounts of two optical isomers, and one of these is biologically 
inactive. Complicating this view, however, is the finding (12) that on storage 
at pH 2 for 20 hours at 23°C. the natural (impure) material lost 32 per cent 
of its activity for S. faecalis, while the activity of the synthetic compound 
was enhanced consistently by about 13 per cent. It is difficult to interpret 
these findings, and until they have been supported by similar results with 
pure material, extensive discussion is not justified. However, the enhance- 
ment observed could reflect a partial or complete loss of asymmetry of 
carbon-6 and the formation, to a greater degree from the unnatural than 
from the natural isomer, of compounds utilizable by S. faecalis for growth. 

The majority of the available data indicate that pure natural CF is 
slightly more active than PGA for S. faecalis [1.0 wg. leucovorin=0.572 yg. 
PGA (12) as compared with 1.0 ug. natural CF=1.15 ug. PGA]. Girdwood 
(19) states that for this organism 1.0 yg. of leucovorin was equivalent to 0.58 
to 0.78 ug. of PGA, while Broquist (20) considers that leucovorin is approxi- 
mately one-half as active as PGA. Although the data of Swendseid et al. 
(21) are not in agreement (1.0 wg. folinic acid-SF=1.5 ug. PGA), their 
reference standard was stated to be of unknown purity. 

Distribution of citrovorum factor in natural materials; enzymatic synthesis 
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of citrovorum factor.—The form of the “folic acid’’ which occurs in yeast and 
in several animal and human tissues, particularly liver and kidney, consists 
in large part of materials with the microbial activity of CF [May et al. (9); 
Swendseid et al. (21, 22); Keresztesy & Silverman (23); Girdwood (19); Hill 
& Scott (24)]. 

The substance formed from p-aminobenzoic acid by Lactobacillus arabi- 
nosus and active for L. caset, was found primarily in a conjugated form 
within the cells; in the unconjugated form the substance exhibited prop- 
erties different from those of PGA or CF [Sarett (25)]. Assays with L. 
citrovorum were not described and comparisons with the natural CF of Silver- 
man & Keresztesy presumably could not be made. However, other findings 
[Chang et al. (26)] also indicate that even natural CF may not be identical 
with a hypothetical prosthetic group derivable enzymatically from syn- 
thetic or natural forms of CF (see later section). 

It has been implied that the PGA which originally was isolated from 
natural materials, e.g., yeast and liver, was a product of the chemical altera- 
tion of CF that resulted from manipulations associated with isolation [May 
et al. (9)]. However, an enzyme system is present in liver and kidney which 
converts synthetic PGA to CF, a conversion which is augmented by ascorbic 
acid, but not by cysteine or glutathione [| Nichol & Welch (27)]. These findings 
suggest the occurrence in nature of either PGA or a very closely related 
compound which requires similar chemical alteration (reduction and 
formylation) for conversion to CF. Since many materials ingested by man 
for food have undergone such alterations from their natural state as to favor 
the conversion of CF to PGA, or to intermediate compounds with FA- 
activity, it would appear fortunate that such compounds can be utilized 
for the formation or regeneration of CF. Similar reasoning logically may be 
applied to the products of the mild acid-treatment of CF, since these pre- 
sumably would be encountered to some degree following exposure of CF to 
acid gastric juice. Certainly, it is appropriate to consider PGA as a pro- 
vitamin, even if, as appears most unlikely, PGA as such does not occur 
normally in biological materials. 

Further studies of the enzyme system, shown originally to convert PGA 
to CF aerobically in rat liver slices (27), although somewhat inefficiently, 
have demonstrated its ability to function anaerobically with a high degree 
of efficiency in cell-free extracts of liver derived from FA-deficient chicks 
[Nichol (28)].. 

Effect of ascorbic acid on the formation of citrovorum factor.—In addition to 
the evidence for a role of ascorbic acid in the formation of CF which was ob- 
tained from experiments in vitro (27, 29), it was shown that administration of 
vitamin C increased from two- to fourfold the urinary excretion of CF by 
rats or human subjects given PGA [Anker et al. (30); Welch et al. (31, 32)]. 
Also, the megaloblastic anemia encountered in severely scorbutic monkeys 
can be abolished not only by ascorbic acid (correcting thereby all manifesta- 
tions of scurvy, including anemia), but also by minute doses of synthetic 
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(impure) folinic acid, an effective hematopoietic dose of which was equiva- 
lent to only 7.5 ug. of pure material [May et al. (33, 34, 35)]. The folinic acid 
failed to affect other manifestations of the scorbutic state; in guinea pigs 
with scurvy, PGA had failed to induce remissions [Silverman & Mackler 
(36)] and, similarly, leucovorin was ineffective [Broquist et al. (37)]. Since 
the fully effective hematopoietic dose of PGA was more than 100 times 
larger than that of folinic acid-SF in the monkey, a role of ascorbic acid in 
the formation of a functional derivative of PGA in the monkey is suggested. 
A severe deficiency of vitamin C apparently results in a profound disturbance 
in the derivation of a physiologically active compound from substances 
(PGA or related compounds) in the diet used in these experiments (powdered 
milk). In this species, in which the intestinal flora is notably deficient in 
coliform bacteria (38), very little FA appears to be supplied by intestinal 
bacterial synthesis [Day (39)]. The ascorbic acid analogue, glucoascorbic 
acid, which was effective in augmenting the formation of CF from PGA by 
rats in vivo, as indicated by urinary excretion studies [Welch ef al. (32)], as 
well as by rat liver slices (27), appeared to be ineffective in this respect as a 
substitute for ascorbic acid in the monkey (40). 

May et al. (34) noted that among reported cases of megaloblastic anemia 
of infancy, 25 per cent were scorbutic, while in about one-half of the cases 
the intake of ascorbic acid was regarded as suboptimal. Particularly in- 
teresting, although of circumstantial significance, is the apparently complete 
disappearance of megaloblastic anemia in infants fed on proprietary sub- 
stitutes for human milk since supplementation of these foods with ascorbic 
acid was initiated about four years ago. Woodruff et al. (41) found CF effec- 
tive in two cases of megaloblastic anemia of infancy when administered 
parenterally in daily doses of 75 wg.; PGA was effective in two cases when 
given orally in doses of 500 ug. and 200 ug., respectively. 

That the formation of CF from PGA, as reflected by the urinary excre- 
tion of material with activity for L. citrovorum, is seriously deranged in adult 
humah subjects with scurvy has been observed by Gabuzda et al. (42), 
Burchenal & Schilling (43), and Welch et al. (32). The last-named authors 
noted that in contrast to normal subjects, who excreted CF in an amount 
equivalent to about 15 ug. of leucovorin when given daily oral doses of 5 mg. 
of PGA, two patients with scurvy given similar dosage excreted negligible 
amounts of CF in the urine. Whereas the coadministration of ascorbic acid 
(0.25 gm. three times daily) consistently increased the excretion of CF by the 
normal subjects (average value, 50 wg.), the excretory response of the scor- 
butic patients was slow and during the period of observation did not exceed 
that of normal subjects given PGA without ascorbic acid. In the two pa- 
tients studied by Gabuzda et al. (42), the excretion of CF was abnormally 
low during the first three to six days of combined dosage, but thereafter es- 
sentially normal levels were attained. These findings reflect either an ab- 
normality in the conversion of PGA to CF which only gradually was cor- 
rected by vitamin C, or a prolonged removal of CF from the blood by de- 
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ficient tissues. That the ability of scorbutic individuals to absorb PGA was 
not significantly altered was shown by the fact that while CF was absent 
from the urine of a scorbutic patient during the first four days of treatment 
with PGA, the urine contained from 9 to 42 per cent of the PGA admin- 
istered [as indicated by assays with L. casei (32)]. 

Broquist and co-workers (37) examined the urinary excretion by normal 
men of activity for L. citrovorum following oral dosage with leucovorin (2.57 
mg.). Aproximately 1 per cent was recovered in the urine and the yield was 
not increased by the simultaneous administration of ascorbic acid. In con- 
trast, the amount of CF excreted in the urine following the oral administra- 
tion of PGA was increased threefold by the simultaneous administration of 
ascorbic acid. 

In a study of the urinary excretion of small doses of intravenously in- 
jected PGA, Spray et al. (44) found that the “renal threshold” was not ex- 
ceeded appreciably in normal human subjects until a dose of 0.4 mg. was 
given (with an excretion of FA equivalent to less than 10 per cent of the 
dose). With successive doses of PGA the amount in the urine increased, but 
this did not occur in three patients with steatorrhea or in three of five 
patients with untreated pernicious anemia; however, 11 of 13 cases of treated 
pernicious anemia showed a rising excretion with successive doses of PGA. 
It is regrettable that these studies did not include measurements of the 
urinary excretion of CF, presumably a better index of tissue saturation with 
functional compounds. 

A participation of ascorbic acid in growth, hematopoiesis, and the meta- 
bolic handling of other vitamins, in species able to synthesize vitamin C, was 
suggested by earlier studies of Briggs et al. (45), Dietrich et al. (46, 47), and 
Nichol and co-workers (48). In particular, it was reported that dietary 
ascorbic acid promoted growth and the storage of FA (activity for S. 
faecalis) in the liver of chicks, and that these effects were prevented by the 
additional administration of succinylsulfathiazole, and were not obtained 
when the ascorbate was given parenterally. A possibility that ascorbic acid 
exerts an important effect on the bacterial flora of rats was afforded by 
the experiments of Daft (49), McDaniel & Daft (50), and Daft and co- 
workers (51). In these experiments ascorbic acid, fed at a 2 per cent level, 
relieved the signs of deficiency observed when pantothenic acid, riboflavin, 
or thiamine were omitted from the ration; also, the granulocytopenia (which 
responds to therapy with PGA) that resulted from feeding a purified diet 
containing 1 to 3 per cent of ferric citrate was prevented or delayed by the 
addition of ascorbic acid to the diet. However, it should be emphasized that 
Daft and associates do not regard these effects as mediated by the intestinal 
flora. 

The experiments of Waisman et al. (52) with aureomycin suggest a role 
of the bacterial flora in the formation of CF. It was reported that the effects 
in rats of otherwise lethal amounts (1 mg. per kg. of diet) of a potent an- 
tagonist of folic acid, aminopterin, could be prevented by feeding aureo- 
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mycin (100 mg. per kg. of diet). Since the antibiotic failed to exert a favorable 
effect on rats made deficient in folic acid by the administration of a purified 
diet containing succinylsulfathiazole, aureomycin did not supply utilizable 
precursors of CF; further, the alteration of the bacterial flora caused by the 
antibiotic could not promote the bacterial synthesis of significant amounts 
of derivatives of FA, because of the inhibitory influence exerted by the 
sulfonamide on the formation of compounds derived from p-aminobenzoic 
acid. Similarly, ascorbic acid caused only a transitory improvement in rats 
maintained for long periods on the sulfonamide-containing diet, and was 
without any effect when fed from the beginning [Waisman e al. (53)]. As 
will be discussed later, the toxicity of aminopterin is competitively antago- 
nized by CF under conditions where PGA is essentially inactive. 

It would appear that aureomycin, by inhibiting the growth of certain 
species of microorganisms in the intestine, either limits the destruction of 
CF, formed microbially in the intestine, or promotes its synthesis, perhaps 
by permitting appropriate strains of microorganisms to flourish. A similar 
conclusion with respect to the relation of various antibiotics to the require- 
ment of the rat for other B-vitamins (vitamin Bs, thiamine, riboflavin, 
pantothenic acid) is supported by studies of Linkswiler et al. (54) and Lih 
& Baumann (55). Although the mechanism of action of ascorbic acid pre- 
sumably is quite different from that of aureomycin, it is possible that each 
substance favors a similar change in the spectrum of microorganisms which 
may be found in the intestinal tract of the rat. 

Williams (56) has suggested that ‘‘folic acid is probably involved in the 
synthesis of ascorbic acid in the rat’’; however, much additional work will be 
needed before this interpretation of the data presented can be considered to 
have been established. 

The status of citrovorum factor in pernicious anemia and the relation of 
vitamin By. to the formation of citrovorum factor. —Callender & Lajtha (57, 58) 
found leucovorin to be much more active than PGA in inducing the disap- 
pearance of megaloblasts in cultures of bone marrow obtained from un- 
treated patients with pernicious anemia. A carefully executed comparison 
of intramuscularly injected PGA and synthetic CF in one patient with 
pernicious anemia in relapse, conducted by Conrad [see Welch & Heinle (1)], 
also indicated that leucovorin under these conditions was somewhat more 
active than PGA. However, the formation of CF cannot be very markedly 
disturbed in pernicious anemia, since the urinary elimination of CF, following 
test doses of PGA, is not greatly different in patients with pernicious anemia 
in relapse from that of normal individuals [Burchenal (59)], while the usual 
hematopoietic response of such patients to CF (synthetic) appears to be 
little different from that to PGA [Spies et al. (60); Jarrold and co-workers 
(61); Davidson & Girdwood (62); Ellison et al. (63); Meyer & Diefenbach 
(64); Meyer and co-workers (65); Cartwright et al. (14)]. Clearly, the megalo- 
blastic arrest of the bone marrow characteristic of untreated pernicious 
anemia cannot be due primarily or solely to a failure to convert PGA toa 
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compound resembling synthetic CF. It would be advisable, however, before 
final conclusions are drawn, to carry out carefully controlled quantitative 
comparisons of the activity in pernicious anemia of highly purified natural 
CF with other compounds of the group. 

Although claims to have demonstrated a participation of vitamin By 
in the formation of CF from PGA by chicks [Dietrich et al. (66)] are difficult 
to assess, data presented by Drysdale et al. (67) indicated that either the 
rate or extent of conversion of PGA to CF may be influenced in some man- 
ner by the thyroid, and that the administration of vitamin By. caused a 
small increase in the urinary excretion of CF in hyperthyroid rats. 

Of considerable interest is the report by Holly (68) that pregnant patients 
with megaloblastic anemia, a syndrome widely recognized as refractory to 
vitamin B,» but responsive to folic acid, although not influenced by either 
ascorbic acid or vitamin By given separately, responded strikingly (three 
cases) when the two vitamins were given together. Whether this finding is 
indicative of a relation of vitamin By, as well as of ascorbic acid, to the 
synthesis of CF, or to some other mechanism, is not known. . 

In a recent study by Girdwood (19), extracts of various human tissues 
were assayed with S. faecalis, using both PGA and leucovorin as reference 
standards, and with L. citrovorum, using leucovorin as the standard of com- 
parison. In two non-anemic cases excellent agreement was obtained between 
the assays of liver and kidney with the two organisms when leucovorin was 
used as the standard of comparison. The findings indicated that all or nearly 
all the FA-like material in these organs actually was CF. Other tissues con- 
tained much less FA and there was often an indication that an appreciable 
proportion of the S. faecalis-active materials were without activity for L. 
citrovorum. Examination of the tissues of two patients with pernicious anemia 
could not be made under entirely suitable conditions. One patient died prior 
to the development of the assay with L. citrovorum, and although there was 
no detectable vitamin By in any tissue examined, the liver appeared to con- 
tain 0.83 ug. and the kidney 0.24 wg. of FA per gm. (assayed with S. faecalis). 
The other patient died suddenly (on the third day of hospitalization) after 
having received about 112 ug. of vitamin By, but prior to the complete con- 
version of the marrow to the normoblastic state. Whereas the assays of the 
liver and kidneys disclosed the presence of considerable vitamin By, the 
distribution of FA-like compounds was considerably different from that in 
the nonanemic patient, in that activity for L. citrovorum in the liver ac- 
counted for only about 60 per cent of the material active for S. faecalis, al- 
though CF appeared to account for all of the activity for S. faecalis in the 
kidney. The significance of these observations is not clear and further studies 
of this type are greatly needed, as has been pointed out elsewhere (1). 

It may be appropriate to suggest that studies of the FA and CF content 
of hepatic and other tissues should be made in the presence and absence of 
xanthopterin. Incubation (at 37°C.) of rat and pig liver homogenates in 
phosphate buffer at pH 7 led to the appearance of much less activity for L. 
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casei or S. faecalis than was obtained in the presence of xanthopterin. 
Maximal levels of FA were obtained by the use of xanthopterin during a 
4-hr. incubation at pH 7, followed by a 14-hr. incubation at pH 4.7 (to com- 
plete the hydrolysis of the conjugated forms). Thus, pig liver homogenates 
which yielded as little FA-activity as 0.25 wg. per gm. when incubated at pH 
7 for 18 hours, were found to contain 18.5 wg. per gm. when subjected to the 
combined procedure described above [Welch et al. (69)]. Since Girdwood (19) 
employed an incubation of the homogenized tissues at 37°C. for 24 hr. at 
pH 7.4, it would be of great interest to determine the effect of xanthopterin, 
and of a subsequent incubation at pH 4.5 to 4.7, on the apparent content of 
FA and CF in human tissues. Xanthopterin probably functions (69) as an 
inhibitor of the inactivation of compounds with FA-activity, rather than as 
a precursor for their synthesis in the homogenates, and studies with radio- 
active xanthopterin (70, 71) are in agreement with this hypothesis. 

A more detailed discussion of the biologic significance of xanthopterin 
has been presented by Welch & Heinle (1). However, brief mention may be 
made of a recent report [Tentori & Vivaldi (72)] of a macrocytic anemia 
produced in about 50 per cent of rats by the use of a diet deficient in FA and 
containing streptomycin (1 per cent). This anemia responded either to PGA 
or to a combination of xanthopterin and p-aminobenzoylglutamic acid; 
however, only a small response was obtained when either xanthopterin or 
p-aminobenzoylglutamic acid was given separately. Although the leucocyte 
count was believed to rise significantly with therapy, the dietary regime did 
not produce a profound leucopenia of the type associated characteristically 
with a severe deficiency of FA. In view of previous unconfirmed claims for 
activity of xanthopterin in the rat [see Pritchard (73)], these findings will 
require confirmation. 

Function of folic acid antagonists and biological activity of citrovorum fac- 
tors.—Although many analogues of PGA have been studied, the most striking 
biological activity is found among those compounds in which an amino 
group replaces the hydroxyl] group in position-4 of PGA. These compounds 
have two or more closely related and important sites of action. First, they 
block profoundly the enzymatic conversion of folic acid to CF [Nichol & 
Welch (29)], an effect which is exerted in an essentially noncompetitive 
manner. Even under conditions where high intracellular concentrations of 
folic acid and its derivatives possibly can be attained more effectively than in 
intact animals, e.g., in bacteria (through addition to the growth medium), 
the ability of PGA to protect the organism against the antagonist is ex- 
tremely low [Oleson et al. (74)]. In animals, much of the effectiveness of 
PGA in preventing the development of the toxic effects of the 4-amino 
analogues depends on the temporal relation of the administration of PGA 
to that of the antagonist, a phenomenon investigated recently by Greenspan 
et al. (75, 76) and by Welch and co-workers (32). The latter group showed 
that a marked augmentation of the urinary excretion of CF by rats occurred 
only when PGA was administered prior to aminopterin; when the two sub- 
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stances were given simultaneously or when PGA was given subsequent to the 
analogue, the formation of CF, as reflected by urinary excretion, was in- 
hibited profoundly. The greater protection against the toxicity of aminop- 
terin which is afforded by prior, rather than by simultaneous or later dosage 
with PGA, can be attributed to the high level of CF in the tissues which fol- 
lows the injection of PGA in the absence of the analogue. In contrast to 
PGA, CF functions as a competitive antagonist of the 4-amino analogues of 
PGA [Broquist and co-workers (17, 77); Nichol & Welch (29); Burchenal & 
Babcock (78); Schoenbach et al. (79)] and abolishes their effectiveness as 
antileukemic agents in mice [Burchenal and co-workers (80)]. 

The efficacy of leucovorin in reversing the toxic manifestations of 4-amino 
analogues of PGA in human subjects was observed by Schoenbach and co- 
workers (79) and by Burchenal & Kingsley-Pillers (81). Leucovorin sub- 
stituted for PGA in chicks [Hill & Briggs (82); Broquist et al. (77)]; in rats 
made profoundly deficient in FA (by the use of a purified diet containing 
succinylsulfathiazole), leucovorin initiated rapid growth while counteracting, 
in addition, the effect of aminopterin [Nichol & Welch (29)]. Aminopterin 
blocked the stimulationof the chick oviduct caused bystilbestrol ; this effect of 
the analogue was counteracted by 16, but not by 2, molar ratios of leucovorin 
[Kline & Dorfman (83)]. 

Although it afforded complete protection against the lethal action of 
aminopterin in mice when administered 1 hr. prior to, concomitantly with, 
or, 1 hr. subsequent to the analogue, CF failed to reverse the effects of the 
antagonist when given 8 hr. subsequent to it [Greenspan et al. (76)]. Similar 
observations have been made by Burchenal & Babcock (78), who observed 
little or no protection when leucovorin was administered to mice 4 hr. or 
more after relatively massive dosage with A-methopterin. Also, in chicks, 
doses of CF which were protective when given simultaneously with aminop- 
terin, were ineffective after 1 hr., and protection then was afforded only by 
much larger amounts of leucovorin [Broquist et al. (77)]. 

It was suggested (76) that the toxic 4-amino analogues of PGA probably 
combine essentially irreversibly with an enzyme involved in the conversion 
of PGA to CF and that, in the mouse, about one week is required for re- 
generation of the enzyme (after a single inactivating dose of the antagonist). 
In addition, it was postulated that the analogues also can combine with and 
inactivate an enzymic component of a system involved in the utilization of 
CF (if this enzyme is not “protected” by the administration of sufficient 
amounts of CF competitively to prevent the enzyme from reacting with the 
analogue). Such a second enzyme system might be concerned with a further 
metabolic alteration of CF prior to its utilization as a prosthetic group. In 
favor of this concept are the previously mentioned findings of Chang et al. 
(26) which showed that the low respiratory activity of ‘‘deficient”’ cells of L. 
citrovorum (grown in low concentrations of CF), was not enhanced by the 
addition of high concentrations of CF isolated from liver. These workers 
noted, however, that the natural and the synthetic forms of CF, ‘“‘based on 
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citrovorum factor activity, are equally effective in reversing the inhibitory 
action of aminopterin on L. citrovorum.” 

The treatment of certain types of leukemia, particularly the acute 
leukemias of children, with the 4-amino analogues of PGA, has continued 
to afford one of the most useful methods of obtaining remissions in this dis- 
ease. The clinical aspects of the use of this type of compound have been 
discussed by Burchenal and co-workers (84). An extension of earlier work on 
the folic acid-content of leucocytes has led to the conclusion that 


most, if not all, the folic acid present in the leucocytes of normal persons and patients 
with leukemia appears to be in the form of citrovorum factor [Swendseid et al. (22)]. 


It was suggested that in the acute leukemias, where approximately five times 
as much CF was found as in normal leukocytes, the metabolic requirement is 
much greater, and that this is the reason for the greater effectiveness of the 
antifolic compounds in this type of leukemia. 

Considerable advance has been made in explaining the development of 
resistance to the 4-amino analogues of PGA, a circumstance of major im- 
portance in explaining the failure of patients with leukemia to continue to 
respond to this type of therapy. The resistance which develops does not ap- 
pear to be due to tolerance on the part of the patient as a whole, but to the 
acquisition of tolerance specifically by the abnormal leucocyte [Burchenal 
et al. (85)]. Highly resistant strains of leukemia, originally sensitive to the 
4-amino analogues, have been developed and studied in mice [Burchenal 
et al. (86); Burchenal and co-workers (87); Law & Boyle (88, 89); Law (90)]. 
Of particular importance is the finding that a strain highly resistant to the 
4-amino analogues of PGA is suppressed by 9-methyl-PGA (87), a finding 
which indicates that this type of leukemic cell does not develop an alterna- 
tive pathway of metabolism that permits it to survive without the need for 
FA. Law & Boyle (89) reported that mice carrying a strain of leukemia 
highly resistant to the 4-amino analogues of PGA were significantly less 
susceptible to the toxicity of the drug than were control mice. The findings 
of these two groups of workers suggest the possibility that the leukemic cell 
quite rapidly acquires or develops an ability to metabolize in some manner 
the 4-amino analogues of PGA. Support for the concept of a biologic altera- 
tion of the analogues is afforded also by the development by Burchenal e¢ al. 
(91) of an A-methopterin-resistant variant of S. faecalis which can grow in 
high concentrations of the analogue. Also, Kidder et al. (92) have shown that 
aminopterin can substitute for PGA in promoting the growth of Tetrahymena 
geleit; this has been attributed to the deamination of the analogue to form 
PGA or related compounds [Dewey and co-workers (93)]. On the other hand, 
little evidence has been found to support the concept that metabolic altera- 
tion of aminopterin accounts for the development of resistance in leukemia 
and both groups favor the hypothesis that resistance is due to a different 
mechanism. 


The possible implications of these findings are readily apparent, for if a 
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way could be found to diminish the development of resistance to the 4-amino 
analogues of PGA by leukemic cells, the practical value of these compounds 
in the treatment of leukemia might be increased greatly. 

That a metabolic conversion of the 4-amino analogues of PGA to deriva- 
tives of CF may not be an entirely adequate explanation of resistance is in- 
dicated by the finding that CF was ineffective in influencing the growth of 
either resistant or sensitive leukemic cells, that resistant cells may develop 
a dependence on the analogues, and that this dependence cannot be satisfied 
by either PGA or CF. In fact, CF appeared to interfere with the utilization 
of A-methopterin by resistant cells [Law & Boyle (89)]. So important are the 
implications of these remarkable findings that extension of them is greatly 
needed. 

A simple microbial (S. faecalis) inhibition method for the determination 
of A-methopterin in blood and urine has been developed by Burchenal and 
co-workers (94). Following oral doses of 5 mg., detectable amounts appeared 
in the blood within 15 to 30 min.; after 24 hr. the blood contained none of the 
drug (or inhibitory metabolites of it) and, within that time, 40 to 57 per cent 
of the material appeared in the urine. 

Miscellaneous aspects of investigations of folic acid.—Earlier reports con- 
cerning the ability of S. faecalis or L. casei to grow in the absence of PGA, 
when supplied with dehydroisoandrosterone acetate [Gaines & Totter (95)], 
and of L. citrovorum and S. faecalis to respond to cortisone acetate [Gaines 
& Broquist (96)] have been extended by Gaines et al. (97). Although the 
response was not always obtained, cortisone usually was active for L. 
citrovorum in amounts ranging from 1.5 to 50 wg. per ml. of medium. The 
response to cortisone could be inhibited by aminopterin, a finding which 
might suggest that cortisone enabled the organism to synthesize CF, or to 
utilize more effectively traces of CF-derivatives in the inocula. An explana- 
tion of the remarkable effects of steroid hormones on the growth of these 
bacteria is greatly needed. 

An increase in the excretion of glutamic acid, which was observed in rats 
given succinylsulfathiazole in a purified diet, was prevented by PGA 
[Bakerman et al. (98)]. The amino acid was shown to occur in the urine as a 
labile precursor which was converted to L-glutamic acid on heating for 1 hr. 
at pH 6 or by treatment with KOH (pH 12) for 2 to 3 hr. at 23°C. [Silverman 
et al. (99)]. The exact chemical nature of the precursor has not been eluci- 
dated. 

In ingenious experiments, carp thiaminase was used by Woolley (100) to 
synthesize PGA from p-aminobenzoylglutamic acid and an analogue of 
thiamine; this analogue contained the thiazole moiety of thiamine attached 
through a methylene group to position-6 of 2-amino-4-hydroxypteridine. 
When p-aminobenzoic acid was used, pteroic acid was obtained. Although 
the biologic significance of this biosynthesis is unknown, it was suggested 
that a mechanism is involved in which the driving force resides in a qua- 
ternary ammonium ion which is reduced to a tertiary amine during the 
reaction. 
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A syndrome develops in young rhesus monkeys on a purified diet (low 
hemoglobin concentration, lack of growth, reversed neutrophil-lymphocyte 
ratio, and dysentery) which can be abolished by daily oral doses of 1 mg. 
of PGA, or by a 60 per cent methanol-extract of liver. It was suggested that 
PGA acts indirectly by stimulating the biosynthesis of a monkey anti- 
anemia factor [Smith & Elvehjem (101)]. 

The highest activity of the conjugase system in hog kidney which releases 
materials from yeast with activity for S. faecalis and for L. citrovorum was 
obtained in the presence of added cysteine; sodium thioglycollate inhibited 
competitively the activation of the system by cysteine. It was suggested that 
the enzyme involved contains an active sulfhydryl group which is transferred 
from cysteine by cysteine desulfhydrase [Hill & Scott (24, 102)]. 

Detailed studies have failed to disclose any evidence of a participation of 
FA-derivatives in the catabolism of tyrosine, as has been claimed by Rodney 
et al. (103), Rienits (104), and others. A suggestion of such a role originally 
was afforded by observations of Woodruff & Darby (105); they found that 
relatively large doses of PGA reduced the urinary excretion of “tyrosyl’’ 
compounds by scorbutic albino guinea pigs given large amounts of tyrosine. 
A similar effect was reported in scorbutic human infants given massive doses 
of PGA, 90 mg. daily [Morris et al. (106)], although this was not seen in 
similar infants given daily doses of 15 mg. of PGA [Woodruff (107)]. In 
scorbutic monkeys the comparably abnormal metabolism of tyrosine was not 
corrected by PGA or CF [Salmon & May (108, 109)]. The hepatic oxidation 
of tyrosine in vitro, in the presence of a-ketoglutarate [LeMay-Knox & 
Knox (110)] was not affected by PGA [Knox & LeMay-Knox (111)] or by 
CF, and the rate of oxidation of tyrosine by liver homogenates from FA- 
deficient (aminopterin-treated) rats was unimpaired [Karger & Nichol (112)]. 
Because of these and similar observations [Gaines et al. (97)], it is suggested 
that the effects of massive doses of PGA on the metabolism of tyrosine in 
scorbutic animals of certain species are indirect and are not due to a normal 
physiologic function of CF or related compounds. 

Knox & LeMay-Knox (111) have advanced materially our knowledge 
of the pathway of the enzymatic oxidation of tyrosine and have shown that 
ascorbic acid is involved in the oxidation of p-hydroxyphenylpyruvic acid, 
the product of the biologic deamination of tyrosine. Recently, Sealock & 
Goodland (113) concluded that ascorbic acid functions as a coenzyme in the 
oxidation of this substrate. 


VITAMIN Biz OR CYANOCOBALAMIN AND RELATED COMPOUNDS 


Since the review of vitamin By. by Emerson & Folkers (6) many im- 
portant papers on the subject have appeared, but space does not permit the ° 
extensive discussion of more than a moderate proportion of these. The 
chemistry of this complex vitamin has been advanced relatively little during 
1951, but evidence has been accumulated concerning its metabolic functions, 
particularly with respect to the utilization of glycine in the synthesis of 
serine, and the synthesis and transfer of the labile methyl group to a pre- 
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cursor of methionine. Presumably because of its role in these reactions, vita- 
min Bi (as well as FA) is required for the synthesis of choline. However, 
each of these apparent anabolic roles of vitamin Biz may be secondary to a 
primary function of the vitamin which as yet has not been disclosed. 

Chemistry of vitamin By (cyanocobalamin) and related compounds.—\In 
the review of last year (6) a structure for a portion of the molecule was 
described and the empirical formula of vitamin Biz, Ces—esHge—92Ni3s0;3PCo, 
with a molecular weight of about 1,300, was presented. Depending on the 
vigorousness of acid hydrolysis of the vitamin there is obtained, in addition 
to two residues of 1-amino-2-propanol, a ribotide (containing 1-a-D-ribofura- 
nose) of 5,6-dimethylbenzimidazole, or the corresponding riboside, or the 
free base. The phosphate group of the ribotide occupies either position-2’ or 
-3’ of the ribose [Todd (114)]. One N-atom of the base is joined to ribose, the 
other appears to be joined by a co-ordinate link to the cobalt atom [Beaven 
et al. (115, 116)]. In cyanocobalamin, a cyano group is also joined to the 
cobalt; this group can be displaced by acid hydrolysis (117), by catalytic 
hydrogenation (118), or by photochemical procedures (119), and the product 
(hydroxocobalamin) can be converted to cyanocobalamin by the addition of 
cyanide ions (117, 120). The relationship of the hydroxocobalamin produced 
chemically (vitamin Bj.) to a very similar compound produced biologically 
(vitamin Bip) [Pierce et al. (121)] has been quite controversial [see ref. (1)]. 
Recent studies by Kaczka et al. (122, 123), Cooley et al. (124, 125), and Ellis 
& Petrow (126) have clarified the situation somewhat. The latter workers 
suggest that 


whatever may be the structure of this compound in the solid state [Cooley and co- 
workers (124, 125)] it is evident that in aqueous solution it undergoes changes leading 
to the formation of aguocobalamin hydroxide. 


This compound may be pictured as (K-OH:)+X~, where K=cobalamin and 
X=OH [Cooley et al. (125); Buhs and co-workers (127)]. The basic aquoco- 
balamin cation is characterized by the remarkable facility with which it 
undergoes combination with suitable anions to form two main groups of 
products [Ellis & Petrow (126)]. The first of these [e.g., cyanocobalamin 
(vitamin By), nitritocobalamin (vitamin Biz.) and thiocyanatocobalamin] 
do not dissociate appreciably in aqueous solution. The compounds of the 
second group, which are ionic in character and give the normal reactions of 
the entrant ion may be regarded as salts of aquocobalamin (e.g., aquocobala- 
min sulfate, rather than sulfatocobalamin; aquocobalamin chloride, rather 
than chlorocobalamin). Ellis & Petrow (126) propose that 


pending the elucidation of the exact nature of vitamin By» isolated from natural 
sources, reactions in aqueous solution effected with this compound, as well as with 
vitamin Bi, and chlorocobalamin, be regarded as taking place between the aquoco- 
balamin cation and the reagent involved. 


Although a product, termed vitamin Bjsq, formed on removal of nitrite from 
nitritocobalamin (vitamin Bis.) [Anslow et al. (128); Smith e¢ al. (129)], was 
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thought to differ from vitamin Bi», the apparent partition chromatographic 
separation of the compounds was spurious [Smith (130)]. 

The term ‘“‘cobalichromes’’ has been applied by Cooley e¢ al. (124, 125) 
to those derivatives of aquocobalamin hydroxide in which the nonionic hy- 
droxyl group was replaced by basic ligands, such as ammonia or histidine; 
for some organisms, ammonia cobalichrome had more activity than cyano- 
cobalamin. Cobalichromes derived from various amines and peptides also 
have been prepared by Petrow and co-workers (131). The combined form of 
vitamin By in certain natural materials [Scheid & Schweigert (132); Wij- 
menga et al. (133); Surgenor & Hunter (134)] may consist of a cobalichrome 
type of combination with a compound of protein or polypeptide character. 
The concept that in hemoglobin the porphyrin Fe-atom is co-ordinated with 
a terminal histidine of globin was recalled in considering the significance of 
the histidine cobalichrome. Finally, the hypothesis was proposed 


that “cobalamin” performs its functions by reversible release of cyanide, which then 
becomes available for inhibiting an associated system of enzymes [Cooley et al. (124)]. 


The ease with which the cyanide ion can be added to such forms 
as vitamins Bia-Biy, permits the preparation of C-cyanocobalamin 
[Boxer et al. (135)] and thus of doubly labeled vitamin Bis, since cyanocobal- 
amin-Co™ of high specific activity already had been prepared by biosyn- 
thesis [Chaiet and co-workers (136); Rosenblum & Woodbury (137)]. Of 
great interest also is the formation of cyanocobalamin-Co® by direct neutron 
irradiation of crystalline vitamin Biz for seven days; after standing for two 
months to permit short-lived activities to decay, the radioactive vitamin 
possessed the microbial activity and the physicochemical properties of the 
original vitamin [Anderson & Delabarre (138)]. The cyano group of cyano- 
cobalamin exchanged with ordinary CN7 very rapidly in alkaline solutions, 
but only slowly at acid pH levels. Under certain circumstances the reversible 
formation of a purple complex of cyanocobalamin with an additional cyanide 
ion could be demonstrated [Beaven et al. (115); Wijmenga and co-workers 
(133)] and the kinetics of this reaction were investigated by Conn et al. (139). 
Through the use of the cobalt-labeled vitamin or of Co®SQ,, further evidence 
was obtained that cobalt is most stably bound through linkages of the co- 
valent type [Boos et al. (140); Baldwin and co-workers (141)]. Alicino (142) 
has reported that cyanocobalamin (without loss of cyanide) formed a well- 
defined salt of perchloric acid containing six perchlorate radicals; this indi- 
cated the presence in the molecule of six weakly basic groups. 

A crystalline Co- and P-containing acid with 20 to 40 per cent of the 
microbial activity of vitamin By, and with an identical absorption spectrum 
was isolated following the treatment of vitamin Bz with H,O, in weakly 
alkaline solution; also a neutral compound with similar properties was re- 
ported. The microbially inactive compound formed from vitamin By by 
treatment with 0.1 N NaOH was described as an acid with the same absorp- 
tion spectrum as vitamin By: [Schindler (143)]. 
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Pseudovitamin B,..—Recently, Pfiffner and co-workers (144) announced 
the isolation of a new series of six Co-containing pigments closely related to 
vitamin By. These were produced under conditions of anaerobic fermenta- 
tion by an incompletely identified organism obtained from bovine rumen 
contents; two members of the series were obtained in crystalline form. These 
crystalline compounds, although very similar to vitamin By. in composition 
and physicochemical behavior, and consisting of the cyano and hydroxo 
forms, were completely inactive as substitutes for vitamin Biz in chicks and 
rats and in the treatment of pernicious anemia, although their activity for 
microorganisms that require vitamin By, or related compounds for growth 
was similar to or greater than that of vitamin By». In subsequent studies by 
Pfiffner et al. (145) the intriguing observation was made that the two crystal- 
line ‘“‘pseudo’”’ compounds (Y-vitamins Bj. and By») contain adenylic acid in 
place of the phosphorylated riboside of 5,6-dimethylbenzimidazole. Since it 
has been suggested that these compounds are intermediates in the biosyn- 
thesis of vitamin By, (144), the possibility is afforded that adenylic acid (or 
the adenine moiety thereof) is replaced by the appropriate dimethylbenzimi- 
dazole derivative prior to the acquisition by the molecule of the biologic 
activity characteristic of vitamin By, and that such a conversion can be 
accomplished by the vitamin By.-requiring lactobacilli. Opposed to such a 
view, however, is the fact that for some of these microorganisms the y-com- 
pounds are more active than vitamin By. The vitamin B,-like substances 
present in calf gut contents and feces with different ratios of activities for 
Lactobacillus leichmannii, Escherichia coli and Euglena gracilis [Ford et al. 
(146)] presumably are related to the compounds described by Pfiffner and 
his colleagues. 

Determination of vitamin B:.—Various studies of microbial assays for 
vitamins By: and By-Bix, have not evolved any new principles or tech- 
niques. However, among the algal flagellates which ingest particulate foods, 
one chrysomonad strain offers promise as an organism for the determina- 
tion of bound vitamin By. [Hutner (147)]. A turbidometric technique em- 
ploying L. leichmannii (ATCC 4797) and two sets of four tubes each in 
the region where a linear relationship exists between the log of the vitamin 
concentration and the per cent of light transmission was proposed by Brown- 
lee & Lapedes (148). 

Hendlin & Soars (149) reported that many liver extracts contained, in 
addition to vitamin By, a compound similar to vitamin Bhs, since activity 
was lost when the samples were autoclaved with the medium used for assay 
with L. leichmannii; this loss was prevented, as was that encountered with 
added vitamin Bi, when the medium contained thioglycolic or ascorbic 
acid. Using Lactobacillus lactis (ATCC 8000), however, vitamin Biz, did not 
lose activity when autoclaved with the medium; in fact, the activity of both 
substances for this organism was increased by autoclaving with the medium 
when reducing substances were present. Since aqueous solutions of vitamin 
Bisa are completely inactivated in less than 1 hr. by only 2 molar ratios of 
ascorbate [Trenner et al. (150)], it is evident that vitamins By, and Bi» 
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react with certain constituents of microbial assay media in such manner as 
to alter profoundly the effect of ascorbate on the vitamin. The formation of 
compounds of the cobalichrome type, e.g., histidine cobalichrome, would 
appear to be indicated. 

In order to avoid inactivation of vitamins Bi, and Bis», advantage has 
been taken of the ease of conversion to cyanocobalamin through pretreat- 
ment of samples with KCN or NaCN [Skeggs et al. (151); Soars & Hendlin 
(152)]. 

Study of the growth-promoting activity of various purine and pyrimidine 
desoxyribotides for L. leichmannii and L. lactis showed that the phosphory- 
lated compounds are approximately as effective as the desoxyribosides in 
obviating the need for vitamin Biz [Shive et al. (153)]. Recognition of the 
hazardous effect of these compounds on the analytical results in assays for 
vitamin By. must be borne in mind. Usually, duplicate assays are carried out 
on aliquots suitably treated with alkali to destroy the vitamin By, [Hoffmann 
et al. (154)]. 

Under conditions suitable for the assay of vitamin By. with E. coli mu- 
tants, thymidine and other derivatives of desoxyribose do not interfere, a 
circumstance of considerable biochemical interest [Davis & Mingioli (155)]. 
A mutant strain of E. coli suitable for the determination of vitamin By. has 
been used by Burkholder (156); although half-maximal growth is produced 
by 0.12 myg. of vitamin By, per ml., methionine interferes with the determina- 
tion and, at a level of 6 mg. per ml., obviates the requirement of the vitamin 
for half-maximal growth. Interference with the growth of a similar mutant 
has been studied by Cuthbertson et al. (157). Diding (158) has described the 
use of a stable vitamin B,.-requiring mutant of E. coli in a simple cup assay, 
while the plate method has been used by Harrison et al. (159). A cup method, 
utilizing L. lactis, has been described by Larkin & Stuckey (160). 

Using E. gracilis, an organism introduced by Hutner et al. (161), Ross 
(162) found that the vitamin B,z content of normal serum (after heating to 
100°C. for 0.5 to 1 hr.) was about 0.05 yg. per 100 ml., while the microbial 
activity of the sera of patients with pernicious anemia was very much less. 
This organism is especially useful since it is extremely sensitive to vitamin 
By, and does not respond to desoxyribosides; however, it has the great dis- 
advantage of requiring many days for growth. 

Loy et al. (163) have called attention to variations in microbial assay 
results caused by retention of detergents on glassware and have indicated 
the need for as many as 12 rinsings. 

A series of four papers on the chemical determination of vitamin Biz has 
been published by Boxer & Rickards (164 to 167). The first of these de- 
scribed a technique for the determination of 5,6-dimethylbenzimidazole re- 
leased by hydrolysis of the vitamin. Subsequent papers dealt with the 
quantitative isolation and colorimetric determination of cyanide released 
from cyanocobalamin. The procedure is very sensitive (0.005 ug. of cyanide) 
and, with appropriate precautions to insure the removal of cyanide from 
other sources, is highly specific for compounds from which a cyano group is 
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released by exposure to visible light at pH 4 to 5. Only vitamin B, has been 
shown to behave in this manner; however, it may be presumed that the 
cyano compounds of the “‘pseudo”’ series would not differ in this respect. 
The total quantity of cobalamins in a sample of biological material can be 
determined after treating an aliquot at pH 7 with cyanide and then removing 
the excess HCN by aeration; the difference in the assay values obtained after 
and before cyanide treatment represents the cobalamins other than those 
of the cyano-type. Excellent recoveries were obtained with amounts of 
vitamin By ranging from 0.5 to 20 wg. in volumes of from 10 to 500 ml. 

Biochemistry.—Several papers have appeared in which the determination 
of vitamin B,.-like compounds was based on the growth-promoting effect on 
animals of various species, particularly chicks [Ott (168); Davis & Briggs 
(169); Coates et al. (170)] and rats [Tappan et al. (171); Pentz and co-workers 
(172)].° Using the intestinal blind loop operation of Watson et al. (173), Jar- 
man & Underhill (174) found no basis for a reliable assay procedure. 

A role of p-aminobenzoic acid in the bacterial synthesis of vitamin Bj: has 
been revealed by studies of E. coli mutants [Davis (175)]; however, it is not 
yet clear whether p-aminobenzoate serves as a precursor of the vitamin or of 
a cofactor concerned with the synthesis of the vitamin; neither pteroyl- 
glutamic acid nor citrovorum factor can substitute for p-aminobenzoate. 

Since desiccated thyroid or iodinated casein is commonly used to favor 
the development of a deficiency of vitamin By, in the rat, it is of interest that 
although the vitamin counteracted the growth-retarding action of thyro- 
protein, presumably as a result of the increased food consumption, it did not 
alter the depression of testicular weight or prevent the increase in basal 
metabolic rate [Meites & Shay (176)]. When the food intake was held con- 
stant by the forced feeding of rats made hyperthyroid by injection of thy- 
roxine, Rupp e¢ al. (177) found that vitamin Biz did not prevent a loss of 
weight comparable to that of the controls; however, the loss of nitrogen 
caused by the catabolic action of thyroxine apparently was reduced signifi- 
cantly by the vitamin. The authors suggested that vitamin By spares protein 
at the expense of other body constituents. Scheid and co-workers (178) fed 
weanling male rats a corn-soybean oil meal-iodinated casein-containing diet 
for two weeks, then supplemented the diet with graded amounts of vitamin 
By for four weeks; as a result the apparent vitamin B,.-content of the liver 
(assayed with L. leichmannii) increased progressively, while the liver weight, 
in relation to body weight, showed a progressive decrease. The authors 
suggested, as a result of assays with Euglena, that the activity for L. leich- 
mannii which remained after alkali-treatment ‘‘may be due to alkali-stable 
forms of vitamin By; as well as to desoxyribosides.” 

In previously untreated patients with pernicious anemia Watson & Ab- 
bott (179) found that a positive nitrogen balance was maintained during the 
parenteral administration of vitamin Biz, even in those subjects in whom the 
balance had been negative before treatment. The nitrogen required for the 


5 See also reviews by Emerson & Folkers (6) and Jukes & Stokstad (2). 
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increase in circulating hemoglobin equaled or exceeded the total dietary 
nitrogen retained. There was a prompt and striking decrease in urinary 
phosphate which preceded any change in reticulocyte count, an increase in 
uric acid excretion while the reticulocyte count was rising, and an increase in 
urinary phosphate during the period of greatest reticulocytosis. It was sug- 
gested that the results reflected the effects of vitamin Biz on nucleoprotein 
synthesis in the megaloblasts. 

Absorption and distribution of vitamin By2.—Transfer of vitamin Bie 
through the milk of the dam to the infant rat was indicated by the finding 
that the amount in the liver, spleen, and heart of the weanlings was doubled 
by adding vitamin Bj, to the diet of the mother [Richardson et al. (180)]. 

Subcutaneous administration of radioactive vitamin Bis, 0.2 ug. daily for 
three days, to three pregnant rats, caused the deposition in the liver and 
kidneys of the mothers of cobalt equivalent to only about 0.006 to 0.007 ug. 
of vitamin By; further, the fetus and placenta together were reported as 
having taken up only 0.003 ug. The majority of the vitamin Bj.-Co® ad- 
ministered, which with doses of this magnitude is not excreted in the urine, 
was not accounted for. On the other hand, with single subcutaneous doses 
exceeding 1.3 wg. (up to 10 wg.) per rat, a rather constant amount was re- 
tained in the tissues (1.2 to 1.9 ug.), and the balance was excreted in the 
urine [Yamamoto et al. (181)]. It should be noted that with a subcutaneously 
administered dose of 50 ug. of vitamin Bis, less than 10 per cent appeared in 
the feces. 

Intramuscular administration of vitamin By in a single dose of 100 or 
120 yg., either to normal men or to patients with pernicious anemia, led to 
the urinary excretion of 50 to 75 per cent of the dose, and excretion was 
practically complete after 8 hr. [Chow e¢ al. (182)]. Similar results were ob- 
tained by Chesterman and co-workers (183). Following the intravenous ad- 
ministration of large doses (1,000 yug.), essentially all the vitamin was ex- 
creted in the urine within 8 hr.; after a small dose (25 yug.), the urine showed 
increased microbial activity for only 4 hr. and less than 15 per cent was 
excreted [Conley et al. (184)]. 

Oral administration of cyanocobalamin to rats led to incomplete re- 
covery of microbially active vitamin in the feces; during 120 hr. 80 per cent 
of 10 wg. and only about 50 per cent of 50 or 250 wg. were recovered (analyti- 
cal recovery of the vitamin added to feces ranged between 90 and 115 per 
cent) [Yamamoto et al. (181)]. However, Barbee & Johnson (185) found that, 
of an oral dose of 20 ug. of cyanocobalamin-Co® given to a rat, 92 per cent 
of the radioactive cobalt was excreted in the feces during 72 hr. (89 per cent 
within 24 hr.). The highest urinary excretion of vitamin By2, following the 
oral administration of a single dose of 890 yg. of cyanocobalamin-Co® 
(=0.2 uc. per mg.) to each of four rats was only about 5 per cent of the total 
radioactivity, while the amount taken up by the kidneys and liver was 
equivalent to only about 0.5 per cent of the administered cobalt [Chow et al. 
(186)]. 
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Dogs given vitamin By: orally excreted none in the urine with doses of 
150 wg. (per animal) and only about 2 per cent appeared in the urine when 
900 ug. per kg. was given. In man, the oral administration of vitamin By: in 
doses as large as 10 mg. caused no appearance of microbial activity in the 
urine [Conley et al. (184)]; that some absorption of orally administered vita- 
min By does occur, even in patients with pernicious anemia, was demon- 
strated by three good clinical and hematologic responses to single doses of 
1, 2, and 5 mg., respectively. Ungley (187) also has observed that massive 
oral doses (3 mg.) of vitamin By, can cause responses in pernicious anemic 
patients. 

Preliminary results have been obtained in human subjects given oral 
doses of cyanocobalamin (containing radioactive cobalt) in more physio- 
logical amounts, usually 0.5 yg. (0.03 uc.) [Welch e¢ al. (188)]. In patients 
with treated pernicious anemia, the fecal excretion of the radioactive cobalt 
(determined by scintillation counting) of these minute doses usually exceeded 
70 per cent, unless a source of intrinsic factor were given simultaneously, a 
circumstance which reduced the excretion to 25 per cent or less. No support 
was obtained for claims [Meyer et al. (189)] that FA promotes the utilization 
of orally administered vitamin By. In normal subjects the removal of these 
minute amounts of vitamin By, from the gastrointestinal tract was essentially 
complete. The requirement for intrinsic factor for the removal of vitamin Bie 
from the upper alimentary tract is emphasized by these findings. In addition, 
an experimental basis is afforded for a relatively simple, presumptive assay 
for intrinsic factor with many advantages over the clinical assay in patients 
with pernicious anemia in relapse. 

Intrinsic factor.—Recent studies of intrinsic factor have been reviewed 
elsew! cre (1), and little need be added here. Although considerable activity 
appears to be associated regularly with human gastric mucoprotein [Glass 
et al. (190)], daily doses of 50 to 100 mg. were required to obtain typical 
hematopoietic responses in patients with pernicious anemia in relapse given 
daily oral doses of 10 to 20 yg. of vitamin By. 

Since hematopoietic responses have been obtained from daily oral doses 
of 5 wg. of vitamin B,, together with less than 1 mg. of a fraction prepared 
from 100 ml. of human gastric juice (1), while as little as 3 mg. of a very 
crude fraction prepared from dried hog stomach markedly diminished the 
fecal excretion of radioactivity contained in daily doses of 0.5 wg. of cyano- 
cobalamin-Co® (188), it seems probable that intrinsic factor is not identical 
with gastric mucoprotein. 

Recent studies of Beerstecher (191, 192), in which vitamin B,.-binding 
by proteins of the gastric and salivary secretions was thought to be associ- 
ated with intrinsic factor, appear to be unsound [Welch & Heinle (1)]. With- 
out objective evidence to indicate that the ability of a fraction to ‘‘bind”’ 
vitamin By, i.e., to prevent its utilization by bacteria, was associated un- 
equivocally with intrinsic factor activity, i.e., ability to augment the hemato- 
logic response to orally administered extrinsic factor (vitamin Bj2) in a pa- 
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tient with pernicious anemia in relapse, the term intrinsic factor should not 
be used synonymously with vitamin B,:-binding substance(s), as has been 
done by various workers in this field [Ternberg & Eakin (193); Beerstecher 
(191, 192); Burkholder (194)]. 

Bird & Hoevet (195) found that various proteins bind vitamin B2; these 
included not only a concentrate of gastric mucosa with intrinsic factor ac- 
tivity and crystalline lysozyme, but also (in larger amounts) concanavalin B 
or A, globulin fractions from blood, crystalline egg albumin, and urease. 
Binding was measured by two methods with somewhat different results; by 
addition of the unheated protein in increasing amounts to assay tubes con- 
taining known amounts of vitamin By, with notation of the degree of in- 
hibition of growth of L. leichmannii, in a manner similar to that of Ternberg 
& Eakin (193); and by a technique based on the nondializability of the 
vitamin in the presence of certain proteins. The latter method was regarded 
more favorably. 

The ability to prevent bacterial utilization of vitamin By. was not pro- 
portional to the clinical activity of fractions prepared from dried hog 
stomach [Prusoff et al. (196)], and subsequent studies of the binding of the 
vitamin, as indicated by the dialysis method, support a similar conclusion. 
Also, Hall (197) has reported that two extracts of the gastric mucosa of 
swine, which showed a strong binding capacity for vitamin By, possessed 
little or no intrinsic factor activity when tested clinically. 

It has been suggested that intrinsic factor in combination with vitamin 
By is relatively heat stable and resistant to digestion with trypsin. The 
minimal hematologic response of a pernicious anemic patient to orally ad- 
ministered vitamin Bj. was followed by an excellent hematologic response to 
vitamin Bz which had been incubated with an extract of hog duodenal 
mucosa, treated with trypsin, heated at 90 to 100°C. for 10 min., and the 
mixture given by mouth [Bethell e¢ a/. (198)]. A similar observation was 
made earlier by the same authors in collaboration with Hall and co-workers 
(199). 

Using cultures of bone marrow from patients with pernicious anemia in 
relapse, Lajtha (200) and Callender & Lajtha (57, 58) found that the disap- 
pearance of the characteristic megaloblasts, which was observed when normal 
serum was added, did not occur (or was seen to a more limited extent) when 
the serum of a patient with pernicious anemia was used. In the latter medium 
however, the addition of PGA or of a much smaller amount of CF (leuco- 
vorin) produced “‘ripening”’ of the megaloblasts. Although vitamin By. per se 
was quite inactive in this system, the addition of a minute amount of sterile 
filtered human gastric juice, together with vitamin By2, induced the typical 
response. It was suggested that the factor of gastric juice formed with 
vitamin By a thermolabile hemopoietic factor which “‘ripens’’ megaloblasts, 
either by a direct action or by counteracting the effect of an inhibitor of 
“ripening” which was postulated to be present in the serum of patients with 
untreated pernicious anemia. Confirmation of some of these findings has 
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been obtained by Thompson (200a) and by Cox (200b). These observations 
afford a means of assaying for intrinsic factor in vitro, but of even greater im- 
portance, they suggest that although the parenteral administration of vita- 
min By: circumvents the apparent need for intrinsic factor for removal of the 
vitamin from the alimentary tract, an extra-gastric source of intrinsic factor 
is required for the utilization of the vitamin by the cells of the bone marrow, 
and perhaps by the cells of other tissues. The fact that orally administered 
normal serum failed to augment the utilization of ingested vitamin By in a 
patient with pernicious anemia in relapse [Ungley (187)] suggests that the 
amount in blood must be small or of a different nature than that required for 
the classical effect of intrinsic factor. 

Although the experiments of Horrigan e¢ al. (201) appear to be at vari- 
ance with the findings described above, since they indicated that neither 
PGA nor CF was active locally when injected into the bone marrow cavity of 
patients with pernicious anemia in relapse, whereas vitamin By, was effective 
when small doses were given by this route, these effects have been attributed 
(1) to the rapid dissemination of the pteroyl compounds and to local ‘‘bind- 
ing” of vitamin By. Data in keeping with such an hypothesis have been ob- 
tained by Horrigan & Heinle (202). These workers suggested that in those 
macrocytic anemias with megaloblastic hyperplasia which do not respond to 
either vitamin By, or PGA the formation of “binding substance’? may be 
defective. 

In the light of various experiments (see earlier portion of this review) on 
the fate of orally ingested cobalamins, it would seem possible that normally 
the vitamin is bound to some degree by the intestinal mucosa and that for 
this binding (at least in man) a component of normal gastric juice is essential. 
The relationship of vitamin By: to the hypothetical bound form of the in- 
testine in some respects resembles that of iron to ferritin, with the additional 
feature that the material with which vitamin By is presumed to react in the 
intestinal wall must be regenerated continuously by the secretions of the 
gastric cells from which (in man) it takes its origin. 

Intestinal synthesis of vitamin B,. by microorganisms as influenced by cobalt 
and by antibiotics.—In view of the well-known ability of cobalt salts to induce 
polycythemia in rats, Levey & Orten (203) tested cyanocobalamin in daily 
subcutaneous doses of either 3 or 10 wg. for many days; although the vitamin 
was inactive in these doses, daily injections of 0.5 mg. of cobalt (as CoSO, 
-5H,0) produced the characteristic response without increasing the vitamin 
By-content of the liver. However, an increase of over 50 per cent in the 
vitamin By-activity of the feces followed the parenteral administration of 
the inorganic cobalt, a finding which suggests that an increase in the amount 
of cobalt in the intestinal contents occurred and that this augmented the 
bacterial synthesis of the cobalamins. 

That cobalt-feeding increases the vitamin By-content of the feces of 
sheep has been shown [Hale e¢ al. (204)]. Whether the well-known need for 
cobalt in sheep is related solely to the synthesis of vitamin By is not yet 
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clear; although earlier work [Becker et al. (205)] had indicated that vitamin 
Biz could not replace the need for cobalt, Smith and co-workers (206) have 
reported that large doses of crystalline vitamin By, (150 ug. or more over a 
two-week period) given to cobalt-deficient lambs caused an increase in appe- 
tite, weight, and the level of hemoglobin. 

Further evidence for a participation of inorganic cobalt in the intestinal 
bacterial synthesis of vitamin Biz, was provided by Davis & Chow (207). 
Administration of radioactive cobalt led to the augmentation of fecal vita- 
min By-activity, both microbially and radiologically, and this effect was in- 
creased further by the coadministration of aureomycin. These findings and 
many others with aureomycin, coupled with those discussed in the section 
on folic acid, indicate that this antibiotic very significantly increases the 
bacterial synthesis of many known vitamins, including vitamin B,, [Stokstad 
& Jukes (208); Oleson et al. (209); Cravioto-Munoz and co-workers (210); 
Lih & Baumann (55)]. However, the remarkable effects which aureomycin 
and other antibiotics exert on the growth rate of several mammalian and 
avian species (211, 212) must involve influences other than those mentioned. 
A detailed discussion of this field is outside the scope of this review; in 
summary, however, it is not yet clear whether the pronounced effect on 
growth, which is obtained when certain antibiotics are administered in addi- 
tion to an excess of all known vitamins, is attributable primarily to changes 
in the intestinal flora with a resultant increase in the synthesis of unrecog- 
nized growth factors, the prevention of the destruction of such compounds, 
or the prevention of the formation of compounds inhibitory to growth. 
Possibly, more than one of these mechanisms or a presently unsuspected 
influence of the antibiotic agents is involved. 

The clinical response of patients with pernicious anemia to oral treat- 
ment with aureomycin [Lichtman et al. (213)] has been attributed primarily 
to the increased formation of CF (see section on CF), rather than to vitamin 
Biz, because the vitamin Biz found in the contents of the lower portion of the 
intestinal tract does not appear to be utilizable, whether or not intrinsic 
factor is administered [Bethell et al. (214); Callender & Spray (215); Gird- 
wood (216)]. The daily parenteral administration of crystalline penicillin G 
(400,000 units daily) appeared to induce an excellent hematologic response 
in a patient with megaloblastic anemia of pregnancy [Foy et al. (217)]. This 
result also may be attributed to a favorable effect of the antibiotic, present © 
in the intestinal secretions, on the amount of utilizable CF which is formed 
microbially. 


PARTICIPATION OF CITROVORUM FACTOR AND VITAMIN By IN THE 
FORMATION AND TRANSFER OF ONE-CARBON INTERMEDIATES 


Although there is as yet no rigid proof that a derivative of the citrovorum 
factor (CF) actually transports a formyl group, the concept is supported by 
much evidence of a circumstantial nature; of particular significance is the 
presence in CF of an N-formyl group. Also of importance is the fact that 
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unstable 5,6,7,8-tetrahydropteroylglutamic acid (leucovorin without the 
5-formyl group) possesses marked CF-activity [Broquist et al. (218)], since 
such activity is essential to the hypothesis that the molecule functions in 
reactions through which the formyl group alternately is gained and lost. 

Of basic importance to the development of the concept of “‘active for- 
mate” as a key intermediate in reactions involving a derivative of CF isa 
consideration of the sources of one-carbon intermediates and the compounds 
known to be derived from them. In the following chart (Fig. 2) a few of 
several important reactions involving the formation or utilization of HCOOH 
are shown. In many cases it is not necessary to assume that formate as such 
is formed prior to the transfer of a carbon of one compound (e.g., the a-car- 
bon of glycine) to a specific position in another compound (e.g., the B-carbon 
of serine); however, formate per se usually can enter into such reactions (as 
in the example given). Also, it will be recognized that many of the apparently 
simple reactions shown in Figure 2 actually may be very complex and may 
involve the formation of a number of intermediates, as well as the participa- 
tion of cofactors other than a compound derived from FA. 
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That the metabolism of ‘‘formate’’ is in some manner influenced by FA 
has been indicated by the work of several groups. Thus, Plaut et al. (219) 
showed that rats deficient in FA incorporated less of a standard dose of 
C'4-formate into certain amino acids, particularly serine (reaction 5 in Fig. 2) 
and heme, and formed less CO, than did pair-fed rats given PGA for four 
days. A deficiency of biotin was shown to be without influence on the utiliza- 
tion of formate for the synthesis of serine, a circumstance which indicated 
that FA-deficiency interferes specifically with the metabolism of formate. 

It was shown earlier [Sonne and co-workers (220); Karlsson & Barker 
(221)] that formic acid effectively contributes the ureide carbons (2 and 8) of 
uric acid excreted by pigeons, and this was shown to be true also in the rat 
{Heinrich & Wilson (222)]; this occurs via reactions 1 and 2 (see Fig. 2) in 
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the synthesis of a precursor of uric acid. Accordingly, it was important to 
demonstrate that an antagonist-induced deficiency of FA in mice profoundly 
diminished the incorporation of C'4-formate into nucleic acid purines [Skip- 
per et al. (223)]. That this was a specific effect on the incorporation of this 
precursor was indicated by the fact that the tissue fixation of CO. was not 
diminished, while the incorporation of CO, into purines was decreased to a 
less marked degree than was that of formate. Thus, the incorporation of 
formate into purines appeared to be rather specifically inhibited by the 
FA-antagonist, while that of CO. probably was depressed secondarily be- 
cause of the inhibition of synthesis of a purine-precursor (see below) which 
subsequently participates in a specific CO.-fixation reaction. 

This concept also appears reasonable in the light of earlier observations 
which bear on the mechanisms of purine synthesis. In these studies it was 
shown that the compound which accumulates in cultures of £. coli partially 
inhibited by a sulfonamide is an aminoimidazolecarboxamide and the pre- 
cursory relationship of this compound to the purines was recognized by 
Shive et al. (224). Presumably COs is fixed by a precursor of this imidazole 
derivative; in turn, the precursor is derived from glycine and formate (the 
carbon of the latter enters the molecule in the position destined to become 
position-8 of hypoxanthine), and the incorporation of this formate should be 
and, in some cases, e.g., in rat liver, has been shown to be influenced by the 
availability of derivatives of FA [Drysdale et al. (225)]. In E. coli partially 
inhibited by a sulfonamide there is presumably an accumulation not only of 
the diazotizable imidazole derivative, but also of a precursor lacking a carbon 
in the position destined to become position-8 of the purine ring. The exact 
nature of this precursor is not known, except that (from studies in a pigeon 
liver system and in intact rats) it is not free aminomalonic acid, amino- 
malonic acid diamide, or aminomalonamamidine [Buchanan (226)]. 

Using an homogenate of pigeon liver, Greenberg (227, 228) found that, 
in the synthesis of hypoxanthine, inosine-5-phosphate was the first purine 
derivative which could be detected. Employing a dialyzed extract of pigeon 
liver, it was found that glycine, CO2, glutamine, CF, biotin, and a source of 
ribose-1-phosphate stimulated the incorporation of C!4-formate into inosine- 
5-phosphate; a coupled source of energy was provided (ATP). These studies, 
as well as those of Buchanan (226) and Schulman & Buchanan (229) indi- 
cated that free aminoimidazolecarboxamide was utilized only under condi- 
tions which permitted its conversion to the corresponding ribotide. The ac- 
cumulation of the free imidazole-derivative in other systems may be at- 
tributed to its cleavage from the ribotide, which is the normal intermediate. 

It appears that, as suggested above, the ureide carbon in position-2 of 
inosine-5-phosphate can behave in a manner significantly different from that 
in position-8. Thus, incubation of a dialyzed liver system (similar to that of 
Greenberg) with inosine-5-phosphate and C'4-formate led to a rapid ex- 
change of the formate-carbon with that in position-2, whereas carbon-8 was 
but little affected [Buchanan (226); Schulman & Buchanan (229)]. The find. 
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ing that this exchange (the inosinic transformylase system) is augmented by 
CF is a further indication of the participation of a CF-derived cofactor in the 
transfer of formate-carbon. It may be that this exchange is a manifestation 
of special conditions (i.e., a high concentration of inosinic acid) that ordi- 
narily do not occur in vivo, since physiologic operation of this exchange 
would permit the appearance of a higher concentration of formate-carbon 
in position-2 than in position-8. However, studies of various donors of the 
carbons found in positions 2 and 8, in intact animals, have given no indica- 
tion of a higher labeling of carbon-2; in fact, the labeling of the two carbons 
usually is nearly identical (within the error of the methods employed). 

Largely because of recent studies of Totter et al. (230) and of Drysdale 
and co-workers (225), a simple picture of CF-catalyzed utilization of formate 
in the synthesis of purines cannot be presented. The former group reported 
that in chicks with a deficiency of FA induced by feeding a purified diet, the 
incorporation of C!4-formate into the purines of the ‘‘total viscera’ did not 
differ from that in control birds (when examination of the tissues was made 
16 hr. after injection of C'4-formate). However, in FA-deficient rats (given a 
purified diet containing 2 per cent succinylsulfathiazole) which were ex- 
amined 3 hr. after C'4-formate injection, Drysdale and co-workers (225) 
found much less isotope in the nucleic acid purines of the liver than was 
found in otherwise comparable animals given PGA. But the incorporation of 
C'4-formate into the nucleic acid purines of mixed tissues other than liver 
(kidneys, spleen, pancreas, heart, testes, and intestines) was not depressed 
by the deficiency of FA; in fact, the specific activity of these purines was 
about three times that of the purines derived from the liver of the rats 
supplemented with PGA. Attention should be called again to the profound 
differences in the incorporation of formate into the nucleic acid purines (of 
liver, spleen, testes, kidneys, intestines, and pancreas) which was observed 
by Skipper et al. (223) in mice treated with aminopterin. These findings 
have been confirmed and extended by studies in rats given large doses of 
aminopterin [Goldthwait & Bendich (231)]. 

Although no final answer can be given which will account definitely for 
these divergent results, the reviewers suggest that the discrepancies may 
reflect differences not only in the rates of synthesis and turnover of nucleic 
acids, but also in the degree of FA-deficiency in individual tissues, rather 
than fundamental differences in the mechanism of synthesis of purines. Thus, 
at the time when leucocyte formation was severely depressed [as in the rats 
of Drysdale et al. (225)], and liver and bone marrow presumably were de- 
pleted markedly of FA, other tissues may not have been sufficiently reduced 
in their content of derivatives of FA to alter significantly their ability to 
synthesize nucleic acid purines. In the experiments of Totter and co-workers 
(230) a similar argument holds, and here any differences which obtained in 
the liver of the chicks may have been submerged in the bulk of nondepleted 
tissues which diluted the hepatic material. Only in the experiments of 
Skipper et al. (223) and Goldthwait & Bendich (231) is it likely that a true 
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picture was obtained of the effects produced by blocking essentially com- 
pletely the formation and utilization of derivatives of CF required for the 
synthesis of nucleic acid purines. 

By no means clear is the role of vitamin By in the synthesis of purine 
nucleosides. As has been mentioned, a requirement for this vitamin in E. 
coli mutants is to a large degree obviated by the presence of methionine, but 
not by purine or pyrimidine nucleosides. It has been reported that in a 
mutant of EZ. coli which requires purines, vitamin By, stimulates the con- 
version of aminoimidazolecarboxamide to purine [Ben-Ishai e¢ al. (232)]. 
Since this conversion almost certainly requires a prior introduction of a pen- 
tose moiety, it might be supposed that vitamin By is involved in this reac- 
tion; however, the workers report that utilization of the formyl derivative of 
aminoimidazolecarboxamide was not stimulated by vitamin Bi:. 

Reaction 3 (Fig. 2) has been established clearly by the work of Totter 
et al. (230) in chicks, and indirectly by the studies of Elwyn & Sprinson (233) 
in rats. In the latter studies, L-serine-3-C!4 and glycine-2-C!4 were used, but 
the indicated carbons of these compounds, which served effectively as pre- 
cursors of the thymine-methyl group, are ‘‘formate’”’ precursors (reactions 4 
and 5), although possibly they may be utilized for certain synthetic purposes 
(see below) without going to formate per se [Elwyn et al. (234)]. 

Since early demonstrations of the effect of thymine on the growth of 
certain microorganisms (in the absence of FA, but with purines and uracil 
present), much attention has been given to studies of thymine and its des- 
oxyriboside, thymidine. In appropriate basal media the latter substance 
will permit various microorganisms to grow slowly but effectively in the ab- 
sence of FA, CF, or vitamin By, e.g., S. faecalis, L. citrovorum, or L. leich- 
mannii, respectively. In the case of bacteria that require FA or CF, thy- 
midine apparently enables the organisms to grow (in the presence of purines 
and uracil) without the need of the vitamin, which almost certainly is in- 
volved in the introduction of the carbon of the 5-methyl group into a pre- 
cursor of thymidine. 

If purines are omitted from the medium, thymidine will not support the 
growth of L. citrovorum [Sauberlich (235)], a further indication of the need 
for CF in the synthesis of purines. 

With some bacteria, the ability of thymidine to support growth (in the 
absence of vitamin Bj:) is duplicated by desoxyribosides of various purines 
and pyrimidines. This is generally believed to signify that (in the presence 
of appropriate purines and uracil) growth occurs as a result of transdesoxy- 
ribosidation reactions [McNutt (236)], and, accordingly, that vitamin Bi 
is involved in a reaction of key significance to the synthesis of nucleosides. 
However, no convincing evidence concerning the precise mechanisms or re- 
actions involved has been provided. Although the need for vitamin By: in 
certain mutants of E. coli is not obviated by thymidine, the inhibitory action 
of a high concentration of aminopterin on a “‘wild strain’’ of this species is 
overcome by thymidine, but not by thymine [Franklin e¢ al. (237)]. This 
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could indicate that E. coli synthesizes thymidine from a precursor other than 
thymine, and that a derivative of CF is involved in the process. 

In man there is evidence that thymine and its derivatives play a particu- 
larly important role, since hematologic responses of unquestionable signifi- 
cance have followed the use of relatively huge oral doses of thymine (6 to 
12 gm. gaily) in pernicious anemia. Also, in FA-deficient swine, large doses of 
thymine produced small but definite hematologic responses [Welch & Heinle 
(1)]. Thymidine, in total dosage of 2.0 and 2.9 gm., respectively, induced full 
responses in two cases of pernicious anemia in relapse [Hausmann (238)]. 
No simple explanation for these effects can be offered, unless it be supposed 
that in pernicious anemia the reactions which dre most seriously disturbed, 
in so far as hematopoiesis is concerned, are those concerned with the syn- 
thesis of thymidine, and that some utilization of free thymine for the syn- 
thesis of desoxyribonucleic acid can occur. N'*-labeled thymine did not ap- 
pear to be utilized for nucleic acid synthesis by the rat [Plentl & Schoen- 
heimer (239)]; however, a low degree of utilization would have escaped 
detection by this method, and, more recently, evidence of utilization of 
traces of C'4-labeled thymine has been obtained in the rat by Brown and 
co-workers (240). 

Another ‘‘formate’’ precursor of considerable metabolic interest, acetone, 
was shown by Sakami (241) to contribute the carbon of its methyl groups to 
the methyl groups of choline. Since the implication of acetone in acetate 
metabolism had already been observed by Borek & Rittenberg (242), the 
formation of a formate-like intermediate (reaction 11, Fig. 2) was favored, 
rather than the transfer of an intact methyl group of acetone. Accordingly, 
Sakami & Welch (243) studied the utilization of C'4-formate for the synthesis 
of the labile methy! groups of methionine (reaction 6) and choline, both in 
vivo and in vitro. 

The demonstration (243) that rat liver slices can form the labile methy! 
group of methionine and choline from C'*-formate constituted the first un- 
equivocal proof that the rat possesses the ability to synthesize this extremely 
important radical, which hitherto was considered to be derivable only from 
dietary (or intestinal bacterial) sources. It was demonstrated also that liver 
slices from animals deficient in FA converted much less C!‘-formate to 
methionine-methyl than did similar liver slices supplemented with PGA or 
liver slices obtained from a comparably deficient rat given PGA 23 hr. prior 
to sacrifice. Stekol et al. (244) observed that the utilization of C'*-formate 
for the synthesis of choline in vivo was reduced greatly by a deficiency of 
FA, and was “brought to normal by administration of folic acid.” 

These findings were confirmed and extended both in vitro and in vivo 
(Siekevitz & Greenberg (245); Jonsson & Mosher (246); Berg (247); Kirk- 
wood & Marion (248); duVigneaud et al. (249); duVigneaud & Verly (250); 
duVigneaud and co-workers (251, 252); Verly et al. (253); duVigneaud et al. 
(254); Mitoma & Greenberg (255); Stekol and co-workers (256)]. Of particu- 
lar importance among these studies was the collaborative demonstration by 
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Cornell and Notre Dame workers (252) that germ-free rats fed deuterium 
oxide synthesized methyl groups, e.g., those of choline and creatine, and that 
the degree of synthesis was comparable to that observed in control animals 
multicontaminated with microorganisms. Also, the Cornell workers showed 
that both formaldehyde (249) and methanol (250, 254) served as precursors, 
in vivo, of the “biologically labile’? methyl group. 

Methanol labeled with C' and deuterium (C4D;0D) was shown (254) 
to lose, during its utilization for the synthesis of choline-methyl, from 69 to 
75 per cent of the deuterium; this finding is compatible with the intermediate 
formation of a compound at the oxidation level of formic acid. When these 
experiments were repeated in rats deficient in FA, the biosynthesis of the 
methyl group of choline from C!4- (or doubly) labeled methanol was found 
to be depressed markedly, as compared to pair-fed animals supplemented 
with either PGA or CF (leucovorin [Verly et al. (253); duVigneaud (257)]. 

Studies of the effect of vitamin By on the synthesis of choline by the rat 
have been reported by Stekol et al. (244, 256), Verly et al. (253), and Arnstein 
& Neuberger (258, 259). The first group reported that increased synthesis of 
choline from C!4-formate was observed in rats when vitamin By, was added 
to a diet deficient in that vitamin, while Arnstein & Neuberger found that a 
deficiency of vitamin By had little or no effect on the conversion of C!- 
formate to choline-methyl groups. Similarly, Verly and co-workers found no 
evidence that vitamin By.-deficiency causes a depression of choline-methy] 
synthesis from methanol-C'‘. Possibly the discrepancies in the results of 
these groups could be reconciled if adequate information concerning the 
various differences in the dietary regimes, and their possible donors or re- 
cipients of one-carbon intermediates, were available. 

Stekol et al. (244, 256) and Arnstein & Neuberger (258, 259) are agreed 
that utilization of glycine for the synthesis of serine is dependent on vitamin 
Biz. As a result of the rather efficient reaction of C!4-formate with glycine to 
form B-labeled serine (reaction 5) [Sakami (260); Siekewitz & Greenberg 
(261)], and thus to form the aminoethanol moiety of choline (see Fig. 2) 
[Stekol e¢ al. (256); Arnstein (262)], much more formate-carbon would appear 
in the entire molecule of choline than would be found in the methyl groups. 

Other evidence in favor of an involvement of vitamin Bj. in the utilization 
of glycine has been obtained. Stekol et al. (244) noted that rats on a diet free 
of methionine and choline, but containing homocystine, did not grow unless 
vitamin Bz was supplied; addition of glycine promoted growth, but only if 
vitamin By: was given. 

Of even greater significance was the finding of Arnstein & Neuberger 
(259) that a deficiency of vitamin By: did not influence appreciably the con- 
version of the B-carbon of serine to choline-methyl groups. These findings 
point very strongly indeed to a role of vitamin By: in the conversion of glycine 
to a form suitable for the acceptance of “‘formate”’ to yield serine, or perhaps 
with the “‘activation’’ of another compound that reacts with glycine to form 
an essential intermediate in this conversion. Dubnoff (263, 264, 265) has 
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suggested that vitamin By: is involved in reactions which lead to the forma- 
tion of sulfhydryl-containing compounds, e.g., homocysteine and gluta- 
thione, from their disulfide precursors. If, for example, the conversion of 
glycine to serine required its preliminary condensation with a derivative of 
homocysteine, it is as conceivable that vitamin B,. should be necessary for 
maintaining homocysteine in the reduced form or for the formation or “‘acti- 
vation”’ cf an appropriate derivative of homocysteine, as for the ‘‘activation”’ 
of glycine per se. That vitamin By is involved in the disposal of glycine is in 
accord with findings that the toxicity of glycine is markedly increased by a 
deficiency of vitamin By. [Menge & Combs (266); Stern & McGinnis (267); 
Machlin et al. (268)]. A similar role of PGA in diminishing the toxicity of 
glycine also has been demonstrated [Martel et al. (269); Dinning and co- 
workers (270)]. 

Stekol et al. (256) reported (in abstract form) that utilization of formate 
or glycine by the rat for the synthesis of cystine was depressed by a deficiency 
of either FA or vitamin By, and homogenates of livers of FA-deficient or 
doubly deficient rats 


showed a greatly reduced ability to synthesize cysteine from homocysteine and serine 
presumably via cystathionine. The cleavage of the latter to cysteine by the liver 
preparations was not affected by either deficiency. 


However, the addition of vitamin By, PGA or CF to deficient homogenates 
did not alter the results. 

. In the formation of cystathionine from homocysteine and serine it is not 
possible at present to account for a participation of folic acid on the basis of 
its functioning as a carrier of ‘‘active formate,” and for this reason, and 
because of other findings with serine [Elwyn et al. (234)] (see below), con- 
siderable doubt exists concerning the precise role of FA or CF in serine 
metabolism. The last-named workers reported that 2,3-deuterio-3-C!4-N15- 
L-serine when fed to rats was converted to choline-methyl groups apparently 
without loss of the two hydrogen atoms on the B-carbon, i.e., the C!4/D ratio 
of the B-carbon did not change from 1:1 in its conversion to the methyl 
group of choline. This finding would signify that in this metabolic alteration 
the hydroxymethyl group of serine is not oxidized to the level of formate. 
According to these findings, the B-carbon of serine, in its conversion to a 
labile methyl group, is not converted to a radical corresponding to R-CHO, as 
is required by the concept that a derivative of FA transports the formyl 
moiety. 

The authors realized that the method of synthesis of the labeled serine 
probably yielded a compound with but one orientation of the substituents 
on the B-carbon atom. As a result of such asymmetry, it is conceivable that 
only hydrogen, rather than hydrogen and deuterium, would be removed 
during oxidation and that a group corresponding to R-CDO could have been 
formed (with a C'4/D ratio of 1:1). To exclude this possibility a doubly 
labeled serine has been synthesized in which the orientation of the deuterium 
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atom on the 8-carbon was opposite to that which obtained in the compound 
studied previously. Since similar results were obtained [Sprinson and co- 
workers (271)], it must be concluded tentatively that the specific role of FA 
in the conversion of the 6-carbon of serine to the labile methyl group does 
not involve the transfer of a formyl] group. 

A possible explanation of these findings could be that, in addition to a 
formyl derivative of FA which functions in the transfer of an intermediate 
at the oxidation level of formate, there is also a similar N*-hydroxymethyl 
derivative of tetrahydrofolic acid which can be formed from an intermediate 
at the oxidation level of formaldehyde. The metabolic participation of this 
hypothetical compound could explain the observation that either formate or 
formaldehyde can be utilized in the formation of carbons 2 and 8 of inosine- 
5-phosphate, while neither is converted to the other, as such [Greenberg 
(228)]. 

Reaction 6, which presumably involves a number of intermediates, leads 
to the formation not only of methionine, but also of choline and many other 
methylated compounds. Cantoni (272, 273) has shown that methionine, in 
an ATP-catalyzed reaction, is converted to a compound of unknown struc- 
ture which is the true donor of the labile methyl group in the enzymatic 
syntheses of N-methyl-nicotinamide and of creatine. Presumably the same 
“‘activated methionine”’ is required for the synthesis of choline from its pre- 
cursors. No evidence has been found for the participation of vitamin By or 
CF-derivatives in these systems. Accordingly, it may be concluded tenta- 
tively that the roles of FA in the biosynthesis of choline occur in reactions 
essential to the synthesis of methionine [Sakami & Welch (243); Berg (247)], 
and in reactions leading to the formation of L-serine, and thus of amino- 
ethanol, as discussed previously. 

Many workers have noted that the growth of chicks and rats is depressed 
profoundly when homocystine is fed in lieu of methionine, unless vitamin Bi: 
(as well as PGA) is supplied. The relationship of this effect to the synthesis 
of methionine from homocysteine and betaine (reaction 9) by transmethyla- 
tion, and possibly from homocysteine and ‘‘formate”’ [Sakami & Welch (243); 
Berg (247)], and to the formation of choline (presumably only by the transfer 
of the methyl group of “‘activated’’ methionine), has been studied inten- 
sively [Jukes et al. (274); Jukes & Stokstad (275); Gillis & Norris (276 to 
279); Hale & Schaefer (280); Strength e¢ al. (281); Schaefer & Knowles (282); 
Schaefer et al. (283, 284)]. The complexity of the interrelationships which 
operate under the varying conditions of the nutritional experiments, particu- 
larly with respect to the great variability in the degree of depletion of FA or 
vitamin By, in the dietary supply of precursors of choline and of “‘formate,”’ 
in the supply of labile methyl donors, in the varying ratios of amino acids 
fed, and with respect to various unknown factors, combine to render un- 
profitable any attempts to make really valid comparisons of the results of 
these many experiments. Nevertheless, nutritional experiments show clearly 
that both chicks and rats, if supplied with adequate precursors, can synthe- 
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size a portion of their requirement for labile methyl groups, and that in these 
syntheses derivatives of both FA and vitamin B, are involved. However, the 
evidence does not support the statement of Stekol & Weiss (285) that the 
work of Gillis & Norris (276), in the light of earlier studies by Stekol, Bennett, 
and their associates, indicated that “the ‘animal protein factor’ concentrate 
makes dietary choline unnecessary in animal organism” (sic). Neither the 
studies mentioned, nor subsequent investigations, appear to justify such a 
conclusion. 

Particularly in need of extension are important observations of Jukes and 
co-workers (274, 275) which indicate that, in the absence of vitamin By, 
chicks cannot utilize a methyl group of betaine for the formation of methio- 
nine from homocystine. However, growth was obtained, either in the ab- 
sence or in the presence of betaine, when vitamin By. (or methionine) was 
added to a basal diet containing homocystine and dimethylaminoethanol (as 
a precursor of choline). 

Dinning et al. (286) have shown that the formation by chick liver homo- 
genates of methionine from homocysteine and either choline or betaine was 
depressed by a deficiency of FA. However, the addition of FA in vitro did not 
enhance the rate of methionine formation. Oginsky (287) found that liver 
homogenates from rats deficient in vitamin By. were unable effectively to 
utilize betaine for the synthesis of methionine, and similar observations have 
been made by Stekol et al. (256). A number of investigations have suggested 
that FA is concerned in some manner with the enzymatic oxidation of 
choline by homogenates of liver of several species [Dinning et al. (286, 288, 
289); Williams (290 to 293)]. From these studies it appears that administra- 
tion of aminopterin leads to a reduction in the capacity of the liver to oxidize 
choline, but the mechanism of this depression is obscure. 

Studies with E. coli mutants [Gibson & Woods (294)] have suggested 
that the synthesis of methionine from homocysteine may be via cystathio- 
nine. However, in this system it would appear possible that serine serves as 
an efficient donor of a one-carbon intermediate that is transferred to homo- 
cysteine to form a precursor of methionine. 

Studies of the bacterial synthesis of amino acids by Woods (295) have 
shown that derivatives of PGA and pyridoxal are required for the synthesis 
of serine from glycine and formate by S. faecalis, and this reaction presuma- 
bly is reversible. During the synthesis of serine by this organism, CF formed 
from PGA [Lascelles et al (296)]. Using Leuconostoc mesenteroides it was found 
that growth and serine synthesis could be obtained with high concentrations 
of glycine, provided that pyridoxal was present and the atmosphere was 
enriched with CO:; however, this requirement for CO, could be obviated by 
CF (leucovorin), although PGA was inactive. The synthesis of CF from 
p-aminobenzoic acid by this organism was increased many-fold by enrich- 
ment of the medium with CO.. 

Experiments with bacterial systems, in contrast to studies with rats, 
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have provided no evidence for the formation of betaine from choline, and of 
the utilization of a labile methyl group derived from it, for the synthesis of 
methionine from homocysteine. 

If a compound resembling cystathionine is proved to play a key role in 
these various mechanisms, as would appear possible, speculation suggests 
that cystathionine might undergo a metabolic alteration different from, or 
in addition to, a hypothetical reductive cleavage to form methionine, as has 
been suggested by Block et al. (297). Thus, the direct transfer of a labile 
methyl group from betaine or dimethylthetin to cystathionine [or perhaps to 
a related compound, e.g., H:N-CH(COOH)-CH(OH)-S-CH2:CH::CH- 
(COOH): NH2, which might be formed from glycine, “formate,” and homo- 
cysteine [to form a sulfonium compound, HzN-CH(COOH)- CH:2-S*(CHs) 
-CH.:CH:2-CH(COOH): NH: (or the corresponding hydroxy compound), 
could be followed by cleavage to methionine and serine. The occurrence of 
such a compound in animal tissues has not been described, but the need for 
FA and vitamin By in many of the reactions involved, particularly in the 
formation of the hydroxy derivative, and in the transfer of the labile methyl 
group of betaine, could be accounted for by this scheme. 

Finally, there should be mentioned the utilization of carbon-2 of histidine 
in the various reactions involving ‘‘active formate” (reaction 12). Soucy & 
Bouthillier (298) noted that the administration of histidine-2-C' to rats led 
to heavy labeling of serine, while Reid & Landefeld (299) found with the 
same compound that various radioactive products, particularly allantoin, 
uric acid, and choline, were formed. Studies by Sprinson & Rittenberg (300) 
have shown that carbon-2 of histidine is an exceptionally effective precursor 
of carbons 2 and 8 of uric acid in the pigeon. It is of considerable interest that 
this essential amino acid now should be shown to be such a potent source of 
“active formate,’’ since Edlbacher & Kraus showed in 1930 (301) that formic 
acid was formed from histidine (by opening the imidazole ring) when the 
amino acid was subjected to the action of the histidase of mammalian livers. 
Since glutamic acid also was formed under these circumstances, a possible 
source is provided of the material which occurs in the urine of FA-deficient 
rats [Silverman ef al. (99)]. 

Other sources of ‘“‘formate’’ could be discussed if space were available, 
e.g., carbon-2 of threonine via glycine [Meltzer & Sprinson (302)] and trypto- 
phan via formylkynurenine [Knox & Mehler (303); Mehler & Knox (304)]. 
Thus, four of the “essential’’ amino acids (methionine, threonine, histidine, 
and tryptophan) are sources of a one-carbon intermediate, as are several of 
the ‘‘nonessential” amino acids. Obviously, the ability to survive or grow 
without certain so-called nonessential amino acids depends on the availa- 
bility of appropriate precursors. Of particular importance among these are 
sources of one-carbon intermediates, the formation and utilization of which 
must be catalyzed by derivatives of certain vitamins, particularly FA and 
vitamin By. 
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PANTOTHENIC ACID 


The essential nature of a vitamin as a precursor of a coenzyme is well 
illustrated by the relationship between pantothenic acid and coenzyme A 
which was observed in 1947 by Lipmann and co-workers (305). 

Structure of coenzyme A.—From determinations of the activity and iden- 
tity of fragments formed by various degradation procedures, a tentative 
formulation of coenzyme A (CoA) can be made [Novelli et al. (306); Baddiley 
& Thain (307); Snell et al. (308); and Lynen & Reichert (309)]; the acetylated 
form is shown in Fig. 3. The theoretical molecular weight of 767 is in good 
agreement with a previous estimation of 800 [Novelli (310)]. 


i@) N 
ro en oa? aaa —C CH 
ri. 


H HpPO3 





sobeshnaylinbe 








adenosine 2* or 3! phosphate 


3 
-0.CHs— = Ql.cO, Mi, Clg Clig,CO.MH.Ctig.CHz.S—8— ci 
Hg 








41 /\ r ~ 
v v 
pantothenate Bemercapto= acetate 
ethylamine 





a 


Pantetheine or L. bulgaricus factor (LBF) 
Fic. 3. Tentative structure of acetyl-coenzyme A. 


This structure cannot be regarded as final because CoA of complete 
purity has not been obtained; its isolation is complicated by the occurrence 
of several related forms of the cofactor. In attempts to purify CoA by a 
variety of procedures, Buyske et al. (311) noted that activity tended to be 
distributed among several fractions, while Baddiley & Thain (312) obtained 
paper chromatographic separation of a sample of CoA which was approxi- 
mately 50 per cent pure into two fractions, each active in the acetylation of 
sulfanilamide. Nevertheless, considerable progress toward the isolation of 
CoA has been made. Studies with preparations of 75 per cent purity, and 
more recently with material of 90 per cent purity have been described 
{Novelli et al. (306, 313); Lipmann (314)]. On the basis of our present con- 
cept of its structure, the naturally occurring forms of CoA probably include 
the reduced —SH form, the oxidized —S—S— form, of which several mixed 
disulfides are possible, and the combination of the reduced form with one of 
several metabolites, such as acetate. 

The activity of various degradation products of CoA for different micro- 
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organisms has facilitated greatly the detailed study of the structure of the 
pantothenate-containing moiety of the CoA molecule. L. arabinosus responds 
only to free pantothenic acid and successive treatment of CoA with intestinal 
phosphatase and a liver enzyme is required for the maximum release of ac- 
tivity as measured by this microorganism (315). King e¢ al. (316) found that 
the growth of Acetobacter suboxydans is stimulated by a bound form of 
pantothenic acid more than by the free vitamin, while Novelli (310) reported 
that the fragment remaining after treatment of CoA with nucleotide pyro- 
phosphatase was 10 to 20 times more effective in promoting growth of this 
organism than is an equivalent amount of pantothenate. This effectiveness 
was not seriously impaired by removal of mercaptoethylamine (see Fig. 3) 
by a liver enzyme, but dephosphorylation with intestinal phosphatase de- 
stroyed activity. 

Following hydrolysis of CoA with N HCl for 20 min. at 100°C., the 
stimulatory effect on A. suboxydans was elicited by a compound containing 
no ribose, but with one phosphate per mole of pantothenate (310). This 
would suggest that the factor utilized by the microorganism is a phosphate 
ester of pantothenic acid. However, none of the synthetic phosphorylated 
derivatives has shown appreciable activity; these include DL-pantolactone 
phosphate [King e¢ al. (317)], the a- and y-monophosphate esters of panto- 
thenate [Baddiley & Thain (318); King & Strong (319)], the cyclic mono- 
phosphate ester of both hydroxyl groups [Baddiley & Thain (320)], and the 
diphosphate ester [King & Strong (321)]. Appropriate enzymatic hydrolysis 
of the diphosphate ester and the a- and y-monophosphate esters of panto- 
thenate regenerated activity for L. arabinosus, an indication that the panto- 
thenate moiety had not been altered. Thus, the structure of the phosphate- 
containing fragment, derived from CoA by enzymatic digestion and able to 
stimulate the growth of A. suboxydans, remains uncertain. It is possible that 
a small additional moiety is present in this portion of CoA, linked perhaps at 
the a-position of the pantothenate. The possibility exists that Acetobacter 
may be essentially impermeable to the synthetic phosphate esters, in con- 
trast to the hypothetical derivative of the pantothenic-monophosphate 
moiety of CoA. 

The phosphate linkage to the adenylic acid-containing portion of CoA 
probably involves the y-hydroxyl of pantothenic acid [Baddiley & Thain 
(307, 312)]. Chromatographic examination of a barium hydroxide hydroly- 
sate of a purified sample of CoA yielded two P-containing fractions. One of 
these corresponded to adenosine-5-phosphate and the other to the y-phos- 
phate ester of pantothenic acid. No areas corresponding to those produced 
by either the a- or diphosphate ester of pantothenic acid could be detected. 

The adenosine and pantothenate portions of the CoA molecule appear to 
be joined by a pyrophosphate bridge (Fig. 3). Using a nucleotide pyrophos- 
phatase, Novelli (310) found that CoA was cleaved to adenosine-5-phosphate 
and a phosphorylated-pantothenate-containing fragment; this occurred at 
pH 4.5, rather than near neutrality, a circumstance which may account for 
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the reported failure of the enzyme to inactivate CoA [King & Strong (322)]. 
Of the three phosphate groups in CoA, Novelli et al. (306) found that only 
one was liberated by a phosphomonoesterase, while all three phosphate 
moieties were removed by intestinal phosphatase, which has both mono- and 
di-esterase activity. The lability of CoA to treatment with acid and alkali 
also support the view that it is a pyrophosphate. 

Evidence that the third phosphate is bound as a monoester in positions -2’ 
or -3’ of adenylic acid has been presented [Baddiley & Thain (320)]. The 
nucleotide was oxidized on filter paper with a solution of sodium metaperio- 
date and the resulting dialdehydes were detected by spraying with Schiff’s 
reagent, according to the method described by Buchanan et al. (323). Under 
conditions where nucleotides unsubstituted in these positions were oxidized, 
CoA gave no dialdehyde; however, after hydrolysis in acid, and oxidation 
under identical conditions, dialdehydes were detected quite readily. Control 
experiments on appropriate amounts of adenosine-5’-phosphate and adenylic 
acids a and 6 confirmed the adequacy of the sensitivity of this test. Obviously, 
this method does not distinguish between substitutions at positions -2’ or -3’ 
of adenylic acid. 

Certain microorganisms have little or no ability to synthesize pantetheine 
(LBF) (see Fig. 3) from pantothenic acid [Snell et al. (308)]; accordingly, 
this compound or certain derivatives of it, e.g., the disulfide form, pantethine, 
must be provided to permit the synthesis of CoA. LBF was more active 
than an equivalent amount of pantothenic acid for 25 strains of species of 
Lactobacilli. The relationship of the Lactobacillus bulgaricus factor (LBF) to 
pantothenic acid and CoA was established by various experiments which 
were reviewed by Emerson & Folkers (6); high concentrations of pantothenic 
acid replaced the requirement of certain microorganisms for LBF; a sub- 
stance with LBF-activity was liberated by digestion of CoA with intestinal 
phosphatase; and concentrates of LBF were able to meet the requirement of 
animals for pantothenic acid. Lih et al. (325) compared microbial (L. 
arabinosus) and rat assays of concentrates of CoA and LBF, as well as of a 
number of natural products. The good agreement obtained led to the conclu- 
sion that the pantothenic acid of CoA, and of products of CoA such as LBF 
or smaller phosphorylated fragments, are as effective as free pantothenic 
acid in supporting the growth of rats. 

Seven forms of LBF in culture filtrates of Bacillus megatherium were 
identified by paper chromatography and bioautographic techniques [Long 
& Williams (326)]. Experiments by Brown & Snell (327), in which treatment 
of pantetheine with sodium sulfide, cysteine, glutathione, and several thiols 
gave rise to a new series of compounds with LBF activity (measured by 
Lactobacillus helveticus 80), suggested that the natural occurrence of similar 
mixed disulfides may explain the presence of chromatographically distinct 
forms of LBF in natural materials. 

In an extensive study of 22 strains of lactic acid bacteria requiring LBF, 
no difference was found in the activity of synthetic pantethine and a highly 
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purified concentrate of LBF [Craig & Snell (328)]. Also, in two solvent sys- 
tems, the natural and synthetic products showed the same Rr on paper 
chromatograms (308); more recently, however, Snell e¢ al. (329) reported 
that another solvent system effected a separation. Also, bioautographic 
studies have suggested that the active material in an LBF concentrate from 
Bacillus subtilis is not identical with pantethine [Vitucci et al. (330)]. 

The various forms of LBF appear to be normal intermediates in the 
biosynthesis of CoA from pantothenic acid. McRorie & Williams (324) dem- 
onstrated that several analogues of pantothenic acid (pantoyltaurine, panto- 
thenol, and pantoyl tauryl-3,5-dibromoanilide) were required in much larger 
amounts for the inhibition of Z. bulgaricus, when LBF rather than panto- 
thenic acid was the metabolite. This suggested that LBF was a product of 
the system that was inhibited by the analogues of pantothenic acid and 
several observations on the biosynthesis of CoA provide support for this 
concept. The addition of LBF to a crude enzyme system for acetylation (but 
not to a purified system) resulted in the synthesis of CoA [King & Strong 
(322)], while a pantothenic acid-containing fragment which was free of 
adenylic acid (formed by the action of nucleotide pyrophosphatase on CoA), 
was resynthesized to CoA in liver extracts on the addition of ATP [Novelli 
et al. (306)}. Also, Govier & Gibbons (331) demonstrated that when pan- 
tethine was incubated with ATP and pigeon liver extract, CoA was formed. 

There is good evidence that the terminal thiol group is the reactive center 
of the CoA molecule. Lynen & Reichert (309) and Lynen et al. (332) have 
obtained from yeast a partially purified pantothenic acid derivative which 
appeared to be acetyl-CoA. The color reaction with sodium nitroprusside 
was characteristic of an acetyl mercaptan [Lynen (333)]. The characteristic 
lability of acetyl mercaptans upon treatment with mercury salts was demon- 
strated, and the maintenance of activity following treatment with iodoace- 
tate was attributed to the protection afforded the —SH group by the acetate. 
On mild alkaline hydrolysis, liberation of an —SH group occurred and the 
ability to acetylate sulfanilamide was lost [Lynen et al. (332)]. Studies of the 
reactivity of model compounds derived from B-mercaptoethylamine, also 
supported the concept that the acetyl group is joined to the —SH moiety of 
CoA [Baddiley & Thain (334); Novelli (313)]. 

The mechanism of action of coenzyme A in the transfer of a two-carbon inter- 
mediate.—It is appropriate to review briefly the rapid advance in our knowl- 
edge of the mechanism of action of the functional form of pantothenic acid. 
The varied investigations which contribute to our present concept of the 
role of CoA in carbon transfer mechanisms were reviewed recently by Barker 
(335). In a Harvey Lecture of 1948, Lipmann (336) pointed out that CoA 
was required not only for the acetylation of aromatic amines and choline, for 
which activation of the carboxyl group of acetate was required, but also in 
condensation reactions such as that which occurs in the synthesis of aceto- 
acetate or citrate, where activation of the methyl carbon of acetate is in- 
volved. The exceptionally rapid progress of the past year has included the 
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presentation of an hypothesis to account for the activation of each end of the 
acetate molecule [Stern et al. (337)], a detailed description of the crystalliza- 
tion and function of the condensing enzyme [Ochoa eé¢ al. (338)], and recogni- 
tion of the unique significance of CoA in mechanisms involving not only the 
transfer of two-carbon units in the form of acetyl groups, but also the transfer 
of other acyl radicals. 

The two-carbon intermediate often referred to as “‘active acetate’’ is 
recognized as a fundamental building block in the metabolic patterns of ani- 
mals, plants, and microorganisms, and it is through study of the reactions of 
active acetate that our knowledge of the role of CoA has advanced most 
rapidly. 

The term ‘‘acetyl-CoA” now may be considered to be synonymous with 
active acetate in animal systems. Lynen et al. (332) showed that the concen- 
trate of acetyl-CoA which they prepared from yeast could replace the acetyl 
donor system (acetate, ATP, and CoA) required for the acetylation of sulfa- 
nilamide in the pigeon liver preparation described by Kaplan & Lipmann 
(339). Also, incubation of a sample of this preparation with oxaloacetate and 
crystalline condensing enzyme resulted in the synthesis of citric acid [Stern 
(340)]. Barker (335) has pointed out that the free energy of hydrolysis of 
acetyl mercaptans (8,000 cal.) is too low to account for the catalytic role of 
CoA in the formation of high energy bonds such as that in acetyl phosphate 
(16,000 cal.), unless the bond energy in the coenzyme-substrate complex is 
altered by combination with the apoenzyme. Stadtman et al. (341) found 
that the interchange of inorganic and acetyl-bound phosphate in the pres- 
ence of phosphotransacetylase was dependent upon the presence of CoA. 
Since this reaction involved the synthesis of acetyl phosphate, it was con- 
sidered to be logical that acetyl-CoA should be a high energy-containing 
compound. Stern et al. (337) showed that the formation of citrate and CoA 
from oxaloacetate and acetyl-CoA proceeded with a change of free energy of 
the order of —8,000 cal. 

Two mechanisms which activate acetate, the ATP-acetate and the 
acetyl-phosphate systems, have a unique distinction; acetyl-CoA apparently 
can be derived from acetyl phosphate only by bacterial enzymes, while the 
formation of active acetate in mammalian and avian tissues requires the 
mediation of ATP. There is considerable evidence against the formation of 
acetyl phosphate in systems requiring ATP for the activation of acetate, and 
although no direct evidence has been obtained for the activation of the CoA- 
enzyme complex by ATP, the possibility of an intermediary formation of a 
phosphorylated form of CoA affords an attractive hypothesis to account for 
the transfer of energy required for the formation of the high-energy thiol-ester 
linkage. 

Kaplan & Lipmann (339) demonstrated that the acetylation of sulfanila- 
mide by extracts of acetone-dried pigeon liver required acetate, ATP, and 
CoA, and Chou et al. (342) separated the (acetate-ATP) donor reaction from 
several acceptor systems which occur in pigeon liver extracts. Stern & Ochoa 
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(343) found that citrate was formed from acetate and oxaloacetate in the 
presence of ATP and CoA. Extracts of E. coli were able to utilize acetyl 
phosphate as an acetyl donor for the formation of citrate [Novelli & Lip- 
mann (344)], and this donor was more effective than acetate and ATP. With 
dialyzed preparations, the requirement for CoA suggested a mechanism in- 
volving acetyl-CoA. In contrast to enzyme preparations derived from liver 
and yeast, which are unable to use acetyl phosphate as an acety] donor, cer- 
tain bacteria contain an enzyme, termed phosphotransacetylase (341, 345), 
which catalyzes the reaction: acetyl phosphate-+-CoA-enzyme@acetyl-CoA- 
enzyme+phosphate. Acetyl phosphate can function as an acetyl donor 
in various transacetylations when bacterial extracts are combined with 
suitable acceptor systems (Fig. 4). Stadtman et al. (341) showed that in 
the presence of extracts of Clostridium kluyveri, CoA and acetyl phosphate 
donated acetyl groups to specific pigeon liver acceptors for the acetylation of 
aromatic amines. Phosphotransacetylase was completely separated from the 
enzyme system that produced active acetate from ATP and acetate. Acetyl 
phosphate was used for the synthesis of acetoacetate by a pigeon liver extract 
in the presence of a partially purified bacterial phosphotransacetylase [Stadt- 
man et al. (346)]. 

A requirement for CoA in the phosphoroclastic decomposition of pyruvic 
acid to acetate and formate in extracts of E. coli has been demonstrated 
(Chantrenne & Lipmann (345); Strecker (347)]; however, the role of CoA in 
the fixation of formate is not clear. Presumably, CoA functioned in the 
mediation of a 2-carbon unit by analogy with its role in other systems, but 
acetyl phosphate, even in the presence of phosphotransacetylase, did not 
function as an acetyl donor in this system. 

Korkes et al. (348) pointed out that in the oxidation of foodstuffs through 
the tricarboxylic acid cycle, acetyl groups for citrate synthesis are generated 
by the oxidation of pyruvate and of fatty acids and that such oxidation 
must result in the formation of acetyl-CoA. In their detailed study of the 
oxidation of pyruvate,® it was demonstrated that the product of the reactions 
could be determined by the presence of a specific acceptor system and that 
there was no reaction in the absence of an acceptor system. Bacterial sys- 
tems, in the presence of orthophosphate, oxidize acetaldehyde to acetyl 
phosphate, and apparently are the counterpart of the pyruvate oxidation 
system. 

Acetyl-CoA may be regarded as the pivot on which acetyl transfer 
mechanisms turn. It occupies a central position between acetyl-donor and 
acetyl-acceptor systems (Fig. 4). The probability that the intermediate carrier 
between these two systems is free acetyl-CoA was indicated by the concen- 
tration of acetyl-CoA from yeast juice [Lynen e¢ al. (332)]. Acetyl-CoA ap- 
pears to be a product of several different donor systems and a substrate 
common to several acceptor systems. Using as a test system the CoA-de- 
pendent formation of acetoacetate in pigeon liver extracts, Novelli (313) 


6 See also Ochoa & Stern in this volume, p. 566. 
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found that the presence of various aromatic amines, which are acetylated in 
this system, depressed the synthesis of acetoacetate, apparently by compet- 
ing for a common intermediate. 

Knowledge of the role of acetyl-CoA has been advanced greatly by the 
detailed study of the enzymatic synthesis of citric acid which was made 
possible by the crystallization of the condensing enzyme [Ochoa et al. (338)]; 
this enzyme catalyzes the reversible reaction: acetyl-CoA+oxaloacetate 
CoA+citrate (the equilibrium markedly favors citrate synthesis). By cou- 
pling crystalline condensing enzyme with suitable acetyl acceptor systems, 
citrate acted as an acetyl donor. The synthesis of acetyl phosphate from 
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Fic. 4. Donor and acceptor systems involving acetyl-CoA. Other donors 
include acetaldehyde, pyruvate, and acetoacetate. 


citrate and phosphate was accomplished by coupling the condensing enzyme 
with highly purified transacetylase. Sulfanilamide was acetylated in the 
presence of citrate, condensing enzyme and the sulfanilamide-acetylating 
enzyme of pigeon liver. Using as the acceptor system the choline acetylase 
derived from the head ganglia of the squid, acetylcholine was synthesized in 
the presence of condensing enzyme, choline, and citrate [Stern et al. (337)]. 

Phosphotransacetylase apparently activates acetyl phosphate for both 
methyl (citrate synthesis) and carboxyl (acetylation) condensation reactions. 
The condensing enzyme catalyzes both the synthesis of citrate and its role 
as an acetyl donor. Since the same acetyl-CoA is active in these various 
reactions, it is apparent that each carbon of acetate must be activated 
in the acetyl-CoA complex. Stern e¢ al. (337) showed that utilization of 
acetyl-CoA for the synthesis of citrate in the presence of oxaloacetate 
and crystalline condensing enzyme was accompanied by the appearance of 
an equivalent number of sulfhydryl groups. It was suggested that acetyl- 
CoA may exist in solution as an equilibrium of the tautomeric forms, 
CH;:CO-S- R@CH::C(OH)-S-R, a circumstance which could explain the 
activation of both ends of the acetic acid molecule. 

Transfer of acyl groups other than the acetyl group—Two mechanisms for 
the activation of carboxyl groups of compounds other than acetate appear 
to involve the formation of acyl-CoA compounds; one by a reaction requiring 
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ATP and the other by the mediation of active acetate. Chantrenne (349) 
reported that extracts of acetone powder of rat liver catalyzed the condensa- 
tion of benzoic acid with glycine. After the removal of cofactors on an anion 
exchange resin, this system required CoA and ATP for hippuric acid syn- 
thesis. Since benzoyl phosphate could not be substituted for benzoic acid 
and ATP, and there was no evidence for the participation of an active 2- 
carbon unit, it was suggested that a high energy benzoyl-CoA was involved 
in hippuric acid synthesis. A competition between acetyl and glycine con- 
jugations of p-aminobenzoic acid was demonstrated by metabolic studies in 
the rat [Riggs & Christensen (350)]; the degree of acetylation of p-amino- 
benzoic acid cannot be used as a criterion of pantothenic acid-deficiency 
without consideration of the factors which influence glycine conjugation. 

Barker (335) has suggested a general mechanism for the activation of 
one carboxylic acid at the expense of another which previously had been 
activated by an independent mechanism, e.g., acetyl-CoA+butyrate= 
butyryl-CoA+acetate. Acetyl-CoA, which appears to be formed in many 
reactions, can be expected to function as the primary activated substrate for 
this reaction. The activation of higher fatty acids by such a mechanism was 
demonstrated with Cl. kluyveri extracts [Barker (335)]. When acetyl phos- 
phate and either glycine or other amino acids were incubated anaerobically 
with such extracts (in the presence of cyanide) the amino acid was rapidly 
acetylated. Correspondingly, propionylglycine was formed when propionyl 
phosphate was used, although with butyryl or higher acyl phosphates no 
appreciable conversion occurred; but the use of acetyl phosphate and buty- 
rate led to the formation of both acetyl and butyryl glycines. Isobutyrate, 
valerate and caproate could replace n-butyrate and were converted to the 
corresponding acyl glycines, although at a relatively slow rate. ATP was 
much less effective than acetyl phosphate in activating butyrate. Also, the 
oxidation of butyrate by Cl. klwyveri extracts appeared to require a pre- 
liminary activation of the substrate by acetyl-CoA; butyryl phosphate can- 
not be the active form since it is not oxidized as rapidly as butyrate [Barker 
(335)]. The oxidation of caproate in liver homogenates from pantothenic 
acid-deficient rats was less than half that observed in the controls [Cheldelin 
et al. (351)]. 

In studies on the mechanism of porphyrin formation, Shemin & Witten- 
berg (352) noted that the pattern of the distribution of C' derived from 
acetate could be explained by the utilization for porphyrin synthesis of an 
unsymmetrical 4-carbon compound arising from the tricarboxylic acid 
cycle. They suggested the possibility that two molecules of a succinyl de- 
rivative condensed with one molecule of glycine and this idea has been 
strengthened by experiments which suggest the occurrence of succinyl-CoA. 
Kaufman (353) reported that CoA was required for the oxidation of a-keto- 
glutarate by a soluble enzyme system from heart muscle and Sanadi & 
Littlefield (354) found that the oxidation of a-ketoglutarate in the presence 
of CoA and an extract of pigeon liver acetone powder resulted in the forma- 
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tion of succinyl sulfanilamide which was isolated and identified. 

Miscellaneous studies of pantothenic acid.—Considerable decrease in the 
concentration of pantothenate in the tissues apparently can occur before 
function is significantly impaired. Thus, the disappearance of pyruvate was 
reduced by only 25 per cent in slices of heart ventricle of pantothenate- 
deficient ducklings in which the CoA content was reduced by 75 per cent 
[Olson & Stare (355)]. The pantothenate content of the tissues of adult mice 
maintained on a pantothenate-free diet decreased significantly in brain, 
heart, kidney, and thigh muscle, but not in liver [Melampy & Northrop 
(356)]. Upon withdrawal of pantothenic acid from the diet, the ability of 
young growing rats to acetylate p-aminobenzoic acid decreased almost im- 
mediately, while older animals continued to acetylate the aromatic amine to 
a normal extent for almost two months [Riggs & Hegsted (357)]. A linear 
relation was found between body weight and the extent to which a given dose 
of aromatic anime was acetylated [Shils et al. (358)]; accordingly, the use of 
this criterion for the appraisal of pantothenate-deficiency requires that the 
weight of the control animals be restricted to that of the deficient animals. 
Restoration of the ability to acetylate test doses of an aromatic amine oc- 
curred within 3 hr. following the injection of pantothenate into rats which 
were deficient in this vitamin [Shils e¢ al. (358)]. With respect to the speed of 
action it is of interest that pantothenic acid was claimed to be remarkably 
effective in the treatment of postoperative paralytic ileus and active peri- 
stalsis was restored within 30 min. to several hours after the injection of the 
vitamin [Jacques (359)]. 

The analogue, w-methylpantothenic acid, induced a deficiency of panto- 
thenic acid in mice. The interference ratio, i.e., the ratio of inhibitor to 
metabolite at which survival was comparable to that of vitamin-deficient 
controls, was found to be about 100:1 [Drell & Dunn (360)]. 

In an enzymatic assay for CoA, which utilized 4-aminoazobenzene as the 
substrate in the acetylation reaction, the free amine was strongly colored in 
acid solution, whereas the acetylated product had only one-twentieth the 
absorption of the free amine at 497 my [Handschumacher e¢ al. (361)]. 

Intravenous administration of CoA to dogs resulted in accumulation of 
CoA in adrenals, liver, and muscle tissue. Split products of CoA were ex- 
creted in the urine [Govier & Gibbons (362)]. In a study of the renal clear- 
ance of pantothenic acid in man, it was found that active secretion by the 
tubules occurred as soon as the plasma concentration exceeded 0.5 ug. per 
ml.; the maximal rate of tubular secretion was found to be 25 to 40 mg. per 
min. Carinamide blocked the tubular secretion of pantothenic acid so that 
the clearance of the vitamin approached that of inulin [Roholt & Schmidt 
(363)]. 

An interrelationship between pantothenic acid and vitamin Bi: was sug- 
gested by studies of vitamin Bys-deficient chicks. A sparing effect on the 
requirement of each vitamin for growth was observed in the presence of 
adequate amounts of the other vitamin. Supplementation of the vitamin 
Biz-deficient chicks with vitamin By, decreased the concentration of panto- 
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thenic acid in the liver [Evans et al. (364); Yacowitz et al. (365); Welch & 
Couch (366)]. 


BIOTIN 


Since various investigations which have demonstrated an effect of biotin 
on certain metabolic systems were reviewed very recently by Lichstein (367), 
only a minimal amount of material need be presented here. In spite of con- 
tinuous research, a cofactor function of biotin or biotin complexes has not 
been demonstrated directly. 

Elucidation of the nature of the bound forms of biotin is occurring 
rapidly. The term ‘“‘biocytin’’ was used to designate a biotin complex which 
was available as a source of biotin to L. casei but not to L. arabinosus; such 
a compound was isolated from yeast by Wright e¢ al. (368). The chemical 
properties of the substance suggested that it was an N-biotinyl derivative, 
possibly linked to an amino acid-like moiety. A series of amides and amino 
acid derivatives of biotin was synthesized [Wolf et al. (369)] and certain of 
these were shown to resemble biocytin in microbiological activity and affinity 
for avidin [Wright et al. (370)]. Recently, it was announced that by chemical 
and microbiological tests synthetic ¢e-N-biotinyl-t-lysine and biocytin iso- 
lated from yeast extract apparently were identical (370a). 

The various forms of biotin which occur in liver and are solubilized by 
digestion with crystalline trypsin have been studied by Chang & Peterson 
(371). Considerable initial purification was achieved by adsorption on celite 
of the biotin complexes while combined with avidin. Further purification by 
partition chromatography (following liberation from avidin by boiling) re- 
vealed three components of soluble bound biotin, the purest of which repre- 
sented a 10,000-fold concentration from liver. 

In a study of a number of positional and stereoisomers of octadecanoic 
acids, Cheng et al. (372) found that biotin-like activity was associated not 
only with the degree of saturation but also with the position of the double 
bond in the carbon chain. Biotin appeared to be involved either in the isom- 
erization of the trans-acids or in enhancement of absorption of the acid by 
the organisms. 

The greatly depressed synthesis of citrulline from ornithine which is en- 
countered in homogenates of liver from biotin-deficient rats has been studied 
further [Feldott & Lardy (373)]. The rate of citrulline synthesis was made 
comparable to that of control preparations when glutamate was replaced by 
carbamyl-glutamate. The influence of biotin on the introduction of carbon 
dioxide into citrulline therefore appears to be at a step prior to that in which 
carbamyl-glutamate participates. Additions of biocytin, or another prepara- 
tion of bound-biotin, in vitro, were ineffective in stimulating citrulline syn- 
thesis by liver tissue from biotin-deficient rats [Feldott et al. (374)]. Addi- 
tional evidence for a role of biotin in the utilization of carbon dioxide was 
provided by the demonstration that liver homogenates from biotin-deficient 
rats had reduced ability to fix carbon dioxide into acetoacetate [Plaut & 
Lardy (375)]. 
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This year a particular emphasis on the mechanism of enzymatic action in 
biological oxidations is quite appropriate because of the unusually large 
number of books and reviews that have appeared on the general topic 
of oxidative enzymes (1 to 5) andphosphorylation (6). So we discuss here 
the mechanism of action of those systems that transfer electrons or protons 


to oxygen or peroxide, whether they do sodirectly, or through the cytochrome 
chain. 


IRON OR COPPER-CONTAINING ENZYMES 
FERRIHEMOGLOBIN AND FERRIMYOGLOBIN 


The reactions of ferrihemoglobin and ferrimyoglobin with hydrogen 
peroxide continue to serve the Cambridge workers as useful models for the 
enzymatic reactions of catalases and peroxidases. Keilin & Hartree (7) cite 
as evidence for the operation of a ferri-ferro cycle in catalase action the 
reduction of a strong solution (~0.38 mM) of ferrihemoglobin hydrogen 
peroxide to oxyhemoglobin in the presence of a 25 to 250 fold excess of hydro- 
gen peroxide; the ferric iron is reduced to ferrous with the evolution of oxygen. 
George & Irvine’s work (4, 8) reveals important data on the nature of the 
ferrimyoglobin hydrogen-peroxide complex which forms without side re- 
actions only at pH 8 to 9. By measuring the stoichiometry of the reduction 
of this complex by ferrocyanide, they find only one of the two oxidizing 
equivalents of hydrogen peroxide available in the complex and show that the 
other equivalent has disappeared during the formation of the complex by 
reaction with an unknown donor group. Thus the red complex may not be 
the first step in the reaction of ferrimyoglobin and hydrogen peroxide and 
does not contain dissociable peroxide, a fact that was suggested in 1935 by 
Keilin and Hartree’s failure to recover oxygen upon addition of catalase 
to the complex (9). It is interesting to speculate that the first step of the reac- 
tion would lead to the formation of the undiscovered green ferrimyoglobin 
peroxide complex analogous to that found in all catalases and peroxidases. 

George & Irvine (8) discuss the structure of the complex and propose 
that it is one of tetravalent iron—a ferry] ion—FetO-, even though the 
ferryl ion has not been demonstrated in iron compounds. A later paper (4) 
reveals alternative explanations based upon trivalent iron (see Peroxidases 
p. 697). George & Irvine (10) find the magnetic susceptibility of this complex 
to lie between 11,000 and 11,800 X10~ e.m.u. in accord with the hypothesis 
that this is a tetravalent complex, presumably of ionic bonds. But the true 
value of magnetic susceptibility is probably only 3700 X10~* e.m.u. (10a). 
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Theorell & Ehrenberg (11), in their recent investigations of ferrimyo- 
globin hydroxide, find the surprisingly large value of 11,040 10-6 e.m.u. 
They find no consistency in the values of magnetic susceptibility of the 
three chemically similar hydroxide compounds of peroxidase, ferrihemo- 
globin, and ferrimyoglobin; the magnetic data suggest one, three, and five 
unpaired electrons respectively. 

Keilin & Hartree (12) propose as evidence in support of a water mole- 
cule bound to the iron atom of ferrihemoglobin the fact that very low tem- 
peratures cause the conversion of alkaline ferrihemoglobin to the neutral 
form (see Peroxidases p. 699). 

Theorell & Ehrenberg (11) have measured pK values for the ionization 
of ferrimyoglobin by simultaneous spectrophotometric and magnetometric 
methods and calculate pXs of 8.84 and 8.77 respectively over a pH range 5 
to 11.7 at 20°C. and extrapolated to zero ionic strength [except for the contri- 
bution of the rather high protein concentration (~5 mM) to the ionic 
strength]. George & Hanania (13), in a purely spectroscopic study at a ten- 
fold lower ferrimyoglobin concentration, find the extrapolation of the Debye- 
Hiickel type to zero ionic strength valid only below u»=0.01 and calculate 
pK =9.038 +0.030 at 20°C. and at zero ionic strength in the pH range 
7.8 to 9.2. At higher ionic strengths their values agree fairly well with 
Theorell’s data. George & Hanania also calculated the entropy change 
in the ionization reaction and concluded that structural changes in the 
protein molecule are not involved. Below pH 9.2 and at low ionic strengths, 
they find a marked change in the ionization constant (pK) and attribute it 
to no specific heme linkage but to a change in the over-all charge on the pro- 
tein, possibly caused by the ionization of €-amino groups on lysine residues. 

Theorell & Ehrenberg find that the binding of fluoride by ferrimyo- 
globin shows the effect of three heme-linked groups of pK 10.06, 8.11, and 
6.03 (11). Based upon differential titrations of ferromyoglobin and myo- 
globin carbon monoxide, and upon a uniform, 10-fold lower affinity of 
hydroxyl ion, cyanide, and fluoride for myoglobin than for hemoglobin, 
Theorell concludes that an unknown group of more negative character than 
histidine is bound to the iron of myoglobin. 

George & Stratman (14, 15) find considerable similarity between the 
kinetics of oxidation of myoglobin and hemoglobin to their ferric forms by 
oxygen and cast doubt upon Lemberg & Legge’s theory of intramolecular 
hemoglobin oxidation (16). Apparently an intermolecular reaction occurs 
that involves donor groups of the protein molecule. 

The reaction of ferrihemoglobin and ferrimyoglobin with cyanide has 
been re-examined by Chance (17), who finds by kinetic studies that the 
reactive species is hydrocyanic acid, not cyanide ion as previously stated 
by Coryell, Stitt, & Pauling (18), whose conclusion that fluoride ion is bound 
has been verified in detail by Theorell & Ehrenberg (11). Whereas catalases 
and peroxidases are now found to react with the acids of both fluoride and 
cyanide (see p. 690), the reaction of the blood pigments with the acid in 





the c 
sistel 
mod 


isOc} 
hem 
alre 
whe 


yo- 
.U. 
the 


ive 





BIOLOGICAL OXIDATIONS 689 


the case of cyanide and the anion in the case of fluoride represents an incon- 
sistency that renders questionable the extensive use of blood pigments as a 
model for catalase and peroxidase reactions. 

St. George & Pauling (18a) find that the affinity of hemoglobin for alkyl 
isocyanides decreases with increasing chain length and conclude that the four 
heme groups of hemoglobin are buried within the protein molecule, as has 
already been shown to be the case with the four hemes in the enzyme catalase 
where the binding of both substrates and donors was measured (18b). 


CATALASES 


Preparations.—High enzyme concentrations and short reaction times 
are required to determine the activity of catalase before inactivation has 
set in. Deutsch (19) in his studies of a very active catalase (see below) 
uses the rapid titration method of Bonnichsen et a/. (20) and finds consider- 
able inactivation in 15 sec. Ogura et al. (21) also use a rapid titration method 
and make their first reading at 3 sec. George (22) and Lemberg & Foulkes 
(23) used manometric methods that give the first reading about 5 sec. after 
mixing. Chance has developed rapid methods based on a polarographic 
determination with the platinum microelectrode or a spectrophotometric 
determination based upon the ultraviolet absorption band of hydrogen 
peroxide (20, 20a). Any increase of the speed of the titrimetric, manometric, 
or spectrophotometric methods requires the use of automatic registration 
and rapid mixing, and it is perhaps time to reconsider the simple two mixer- 
flow system with which Millikan in 1940 [see (20)] measured catalase activity 
0.2 sec. after mixing with hydrogen peroxide. 

Deutsch has prepared a catalase from horse erythrocytes that has an ini- 
tial activity (Katalasefahigkeit; Kat.f.) of at least 117,000 compared with 
the value of 61,000 found earlier (19). This highly active material was ob- 
tained from a series of crystalline fractions formed in the presence of am- 
monium sulfate and amounted to only 5 per cent of the usual yield. The 
high activity is labile and is lost slowly upon storage at 0°C., and rapidly 
upon dilution to about 44. In the activity test 50 per cent loss occurs in 
15 sec. The level to which the activity finally falls corresponds to that of 
previous pure catalases. No physical or chemical attribute characteristic 
of this high activity has yet been found. 

Deutsch suggests that there exists initially a series of catalase molecules 
of different activities or that the preparative procedures produce catalase 
molecules of varying degrees of degradation. Further evidence in favor of 
changes of the catalase molecule during its purification is afforded by Hunter 
(24), who has crystallized from beef liver a catalase protein complex of 
molecular weight of about 320000. Splitting of this complex by acidification 
gives the usual catalase molecule, but no change of activity occurs. 

Galston, Bonnichsen, & Arnon (25) have obtained a highly purified 
preparation of catalase from plants. From 75 kg. of spinach leaves, 470 mg. 
of enzyme of Kat.f.=10,100 were obtained by ammonium sulfate frac- 
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tionations. Electrophoretically, a preparation of Kat.f. = 33,600 was obtained. 
The enzyme was crystallized. The prosthetic group is protohemin and the 
usual cyanide inhibition was observed (Ky~4X10-*M). The plant enzyme 
is considerably less sensitive to azide (Ky~3X10-°M) than is horse-liver 
catalase (Ky =6.3 X10-*M) (26). Since the activity is only one-fourth that 
of the bacterial catalase and the iron content is low (0.049 per cent), as is the 
ratio D4osmp/D2s0m, (0.65), the authors suggest that plant catalase may have 
less than four hematin groups per molecule. The data suggest two hematin 
groups, but the purity of the enzyme is still uncertain. 

In a series of papers on beef liver catalase, Shirakawa et al. (27 to 32) 
verify much of the earlier work. The preparation method, based on acetone 
and ammonium sulfate precipitations followed by several recrystallizations, 
results in the usual activity for a beef liver enzyme of 3.2 intact hematins: 
Kat.f. ~ 30,000. A molecular weight of close to 250,000 is computed for an 
axial ratio of 3.4 and an asymetry constant of 1.14. This value exceeds the 
current value of 225,000 and is in better accord with the known iron content 
of catalases. Inactivation of catalase occurred at pH 3.7, and an absorption 
band at 392 my observed at low values of pH is probably an initial stage of 
catalase splitting (cf. Table II). 

The elegant general methods used by Cohn and his co-workers (33) to 
fractionate liver proteins and, in fact, to purify catalase have not been 
widely used by workers in the hemoprotein field and the efficiency of these 
“ new methods for specific hemoprotein preparations has not been demon- 
strated. 

The crystallization of liver catalases in the preliminary stages of the 
purification process (34) does not indicate a pure product. It should be re- 
called that the ratio D4osm,/Desom, for a highly purified catalase is as high 
as 1.0 [Agner (35)]. 

Tanaka (36) has repeated Theorell & Agner’s (37) measurement of the 
magnetic susceptibility of azide catalase and cyanide catalase and obtains 
values that are respectively 4 per cent higher and 6 per cent lower; the dis- 
crepancies lead to no change in the interpretation of the electronic structure 
of these compounds. Interestingly enough, no change in the magnetic sus- 
ceptibility of catalase cyanide occurred upon addition of azide, and further 
investigation over a wide range of experimental conditions is desirable. 

Preliminary measurements of the magnetic susceptibility of the second- 
ary catalase-methyl hydrogen peroxide complex have been obtained by 
Theorell & Ehrenberg (10a, 38) and x,,=3700 X10~ e.m.u., equal to their 
value for the similarly catalytically inactive ferrimyoglobin hydrogen per- 
oxide complex (see p. 687). 

Catalase compounds.—The evidence advanced in 1946 by Agner & Theorell 
(40) in favor of a heme-linked hydroxyl group in catalase is reinterpreted 
in Chance’s recent study of the effect of pH upon the reactions of catalase 
with acetic, formic, hydrofluoric, hydrazoic, and hydrocyanic acids (17). 
Whereas Agner & Theorell interpreted their data in terms of the replacement 
of a hydroxyl group by an anion, 
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Fe-OH + A-<> Fe-A + OH- 


Chance finds that either one of the following equations describes the experi- 
mental data over the wider range of his experiments (down to pH 3.5): 


Fe-OH + HAs Fe-A + HO, or 
Fe-H.O + HA«> Fe-HA + H,0O. 


The heme-linked hydroxyl group, if it exists at all, has a pK below 3, a 
region below the stability limit of the catalase protein. Proof that anions 
do not react with catalase is based on direct kinetic studies of the reaction 
with formic acid. These studies afford an explanation for the remarkably 
small effect of pH upon the enzymatic reactions of catalase, studied in detail 
by Chance (41). The binding of methyl hydrogen peroxide by catalase is in- 
sensitive to pH over the range 2.2 to 12.5. The activity towards hydrogen 
peroxide is constant in the region 4 to 8.5. In acid solutions the formation of 
the inactive secondary catalase peroxide complex is responsible for the loss 
of activity, but in alkaline solutions a change of catalase heme linkages is 
suggested. 

The reactivity of catalase hydrogen peroxide complex towards ethanol 
and nitrous and formic acids is not affected by pH, indicating that only the 
molecules, not the anions, act as catalase substrates, and strongly suggesting 
that proton, not electron, transfer occurs in these oxidation-reduction 
reactions. Nitrous and formic acids are about 1000 times more active donors 
for catalase action than are the lower alcohols. 

An efficiency of up to 6 to 7 per cent has been obtained in the oxidation 
of ethanol and nitrite by catalase and hydrogen peroxide when the latter 
is added very slowly via a capillary [Anan (42)]. 

Keilin & Hartree (43) have added one more to the two catalase hydrogen 
peroxide complexes found earlier in Chance’s studies. First they have 
confirmed and extended the evidence (44) showing that the compound 
that catalase forms in the presence of ascorbic acid [Lemberg & Foulkes 
(23)] is indeed a peroxide complex: oxygen is required and copper salts 
accelerate its formation. When hydrogen peroxide is continuously generated 
by notatin, glucose, and oxygen, absorption bands of catalase complex II 
appear at 568 and 536 mu. Upon addition of a 20 mM solution of hydrogen 


TABLE I 


WAVELENGTHS (my) OF ABSORPTION BANDS IN THE VISIBLE REGION OF COMPLEXES 
ForMED REVERSIBLY BY PEROXIDASE, CATALASE, AND 
METHEMOGLOBIN WITH H:0; (43) 


Complex II Complex III 
, eal 

Complex I a B a B 
Peroxidase 657 555* 527 583 546 
Catalase 670 (?) 568 536 585 545 
Methemoglobin Not known Not known 592* 545 


* These bands are asymmetric and the figures given represent the wavelengths of 
maximum absorption and not the centers of the bands. 
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peroxide to complex II, complex III with bands at 585 and 545 my is formed. 
The complex observed earlier in Chance’s studies is considered to be com- 
plex II slightly converted to III. These findings greatly enlarge the spectro- 
scopic analogy between the catalase and peroxidase compounds with 
hydrogen peroxide as shown by Table I. 

The discovery of catalase complex III, the spectroscopic analogue of the 
ferrihemoglobin peroxide complex, weakens Keilin & Hartree’s proposal 
that the reduction of the latter to oxyhemoglobin by hydrogen peroxide 
is a model for catalase action. Participation of catalase complex III in 
catalase activity would require that it be extremely unstable in the presence 
of excess peroxide, whereas their data show it to be fairly stable. 

The discovery of complex III for catalase seems to complete the expected 
complement of catalase peroxide complexes and makes it less likely that an 
undiscovered enzymatically active complex II, kinetically analogous to 
peroxidase complex II, exists (see p. 696). George & Irvine (8) suggest that 
the ferrihemoglobin hydrogen peroxide complex is analogous to catalase and 
peroxidase complex II and that the tertiary complexes are analogous to 
oxyhemoglobin, in considerable discord with the nature of the visible and 
ultraviolet absorption spectra of these compounds. 

Keilin & Hartree (43) succinctly summarize the differences between 
catalase, peroxidase, and ferrihemoglobin: Catalase forms no red hydroxide 
compound, is not reduced by hydrosulfite, and its spectrum is only slightly 
affected by azide. Catalase, however, accepts hydrogen peroxide as an elec- 
tron donor and is reduced to the ferrous state when both peroxide and azide 
are present. Ferrihemoglobin stands out in its lack of complexes I and II 
and in its small catalytic activity. They emphasize the lack of data on the 
structure of complexes I, II, and III, and on the role of these enzymes in 
cellular metabolism. 

Extensive studies of catalase inhibitors have been published by Ogura, 
Tonomura, Hino & Tamiya (21, 45-47) and verify the early results of Euler 
& Josephson (48), and those of Chance (49) that the inhibition by cyanide 
is independent of the peroxide concentration (noncompetitive) when 
hydrogen peroxide is used as a substrate. The recent studies give dissociation 
constants for the enzyme-cyanide compounds of 1X10-*M at 5°C. from 
both direct spectrophotometric and activity data, compared with 410-* 
obtained at 25°C. (49). They also showed that the inhibition with fluoride, 
azide, and hydroxylamine is unaffected by peroxide concentration. Whereas 
spectrophotometric studies of Keilin & Hartree (26) gave the ratio of the 
affinities of these substances for catalase to be KCN :NaN3;:NH:OH:NaF 
= 10,000 :67 :40:1 at pH 7.0 (18°), Ogura et al. (21) find 10,000 :8,000:1,600:1 
at pH 7.0 and 5 to 7°C. The inconsistencies of these two sets of results show 
the need for further experimentation. In the case of azide and hydroxylamine 

agreement between spectrophotometric and activity data is not to be ex- 
pected since Keilin & Hartree show so clearly by their studies of the azide- 
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catalase-peroxide compound the great difference in the affinities of catalase 
for azide in the presence and absence of peroxide. 

In accord with the studies of George (22) and Lemberg & Foulkes (23), 
Ogura et al. (21) find rapid and slow phases in the disappearance of peroxide 
in the presence of azide, and have found this to be the case with many other 
inhibitors including some substituted phenols. In a second paper (45), 
reactions with combinations of inhibitors are studied and an ‘‘azide-cyanide- 
catalase’ compound is identified spectroscopically in which the cyanide and 
azide are believed to attach to different hemins of catalase. That catalase 
has hemins that do not bind cyanide is a remarkable statement in view of 
Theorell & Agner’s magnetic titration of catalase with cyanide (37). The 
data of Ogura et al. show a 160-fold increase in the amount of cyanide 
required to combine with azide catalase, so that competition of the substances 
for the same hemin is actually occurring, in agreement with Keilin & 
Hartree’s data (26). 

Four classes of inhibitors are identified on the basis of their mutual 
interaction in inhibiting catalase activity: cyanide type, azide type, phenol 
type, and hydrogen ion type. In a third paper (46) an attempt is made to 
compute the velocity constant for the reaction of the inhibitor with an 
enzyme-substrate complex from the decrease of catalase activity with 
time and, in the case of azide, a value of 2.0X10°5M~ Xsec.“ is obtained. 
Incubation of catalase with methyl hydrogen peroxide inhibits catalase 
activity. Inhibition is also effected by high molecular weight electrolytes 
such as polyviny] or cellulose sulfates (50, 51). 

On the basis of their studies of the over-all reaction, Ogura et al. (21, 47) 
have postulated a consecutive reaction mechanism involving two inter- 
mediates, 

E +S-—-ES 
ES +S—- ES, 
ES, —~E+P. 

Many of these results require reinterpretation on the basis of contem- 
porary work on the properties of the azide-catalase-peroxide-complex (26) 
and of the active and inactive catalase compounds with hydrogen peroxide 
or alkyl hydrogen peroxide (44, 52). 

Chance, Greenstein & Roughton have obtained quantitative proof of 
the consecutive reaction theory of catalase action in as great detail as was 
previously obtained for the proof that peroxidase obeys the Michaelis theory 
(53). It rests upon the numerical agreement of data computed from three 
independent sources: (a) The velocity constant for the over-all activity 
(3.5 X107M— Xsec.—), (b) the number of peroxide molecules bound to 
catalase as complex I in the steady state (about 1.2 per four hematin groups), 
(c) the velocity constant (&,) for the combination of catalase and hydrogen 
peroxide to form complex I [previously computed as 3 X10~7M™ Xsec.* 
(54), but see below]. The adequacy of the theory was evaluated by a compu- 








694 CHANCE AND SMITH 


tation of the third value from the first two on the basis of the reaction 
mechanism. Whereas previous attempts to reconcile these three data have 
failed, this paper shows that the reaction mechanism requires an appropriate 
method of calculation of k; from the experimental data, and the value is 
0.510’, not 3X107M~' Xsec.—!, in close agreement with 0.62 107 calcu- 
lated from the theory. Satisfactory agreement is also obtained for bacterial 
catalase; the velocity constants for the bacterial catalase system are 


ky = 2X 107M eo 
Catalase + H,O, — = ene Complex I 


, - -_ 
Comat > tay PETA ET Ke, cutatese + Oy + MEO. 
The velocity constants for the second step in catalase reactions are about the 
same for erythrocyte and bacterial catalase; the difference in their activities 
lies in their speed of combination with the substrate. It would be expected 
that Deutsch’s very active catalases (19) would show a larger &;. 

Ogura et al. (46) attempted similar calculations with the aid of Chance’s 
data, but failed to take into account the fact that k,~&, and that partial 
saturation of catalase with peroxide obtains in the steady state. They also 
proposed a second intermediate complex (ES:) on the basis of a decrease 
in the over-all activity of catalase that they found at about 0.5 M peroxide, 
but Millikan’s data (20) showed no loss of catalase activity up to 1 M 
peroxide. 

In a second paper, Chance and his co-workers (55) use an electric analogue 
computer to determine the mechanism that causes the “spontaneous” 
decomposition of complex I. They conclude that the reaction is caused by 
neither a continuation of the ‘‘catalatic’’ reaction represented by the equa- 
tions above at low peroxide concentrations, nor, to any great extent, by the 
reversible dissociation of peroxide molecules from complex I, followed by a 
“catalatic’”’ reaction. Reaction with a donor molecule present in the catalase 
preparation causes the “‘spontaneous’”’ reaction, as in the case of peroxidases. 
The nature of the donor molecule is not yet known. 

Of the three variations of the catalase mechanism proposed previously 
(56) Chance et al. (55) eliminate all but the one in which the second hydrogen 
peroxide molecule reacts with complex I in the same way as do other donor 
molecules such as alcohol, etc. The version of the theory favored by Theorell 
(57) requires the binding of the second peroxide molecule to a free catalase 
hematin and is unlikely for two reasons: (a) hydrogen peroxide reacts 
rapidly with a catalase in which all four hematins are bound to alkyl hydro- 
gen peroxide (as the primary complex), and (b) complete inhibition of 
catalase action is not obtained by adding excess cyanide to complex I, and 
immediately thereafter adding peroxide. 

As explanations of catalase action become more concise, the great 
similarity with peroxidase action becomes more apparent—except for the 
absence of the participation of complex II in catalase action. 

Biosynthesis.—Theorell and his co-workers have studied the appearance 
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of injected radioactive iron in various hemoproteins of the guinea pig and 
have found that liver catalase incorporated iron much more rapidly than 
erythrocyte catalase, myoglobin, or cytochrome-c (58). Theorell concludes 
that the liver synthesizes catalase independently of the bone marrow and 
thereby refutes Bonnichsen’s hypothesis, based on immunological identity 
of liver and blood catalases, that liver catalase is obtained from erythrocyte 
breakdown (59). Interestingly enough, Theorell feels that the normal life- 
time of the liver catalase molecule [8 to 10 days (10a)] is too long and the 
rate of catalase synthesis is too slow to account for the very rapid changes 
of liver catalase activity upon implantation and withdrawal of tumors 
in rats (60) and thus an hypothesis based upon the presence of catalase 
inhibitor appears to be a more likely explanation of this interesting phenom- 
enon. 


PEROXIDASE 


Activity—The estimation of peroxidase-activity by the classical pur- 
purogallin reaction [Purpurogallinzahl (P.Z.)] continues to be a source of 
uncertainty in the determination of the purity of peroxidase preparations. 
Ettori (61) confirmed the existence of unexplained variations of P.Z. between 
1160 and 1780 for the same enzyme preparation. Keilin & Hartree now 
imply that the irregular results obtained by Ettori and others were caused 
by impurities in the pyrogallol; resublimed material is essential (43). 
Theorell & Maehly attribute low values of P.Z. to impurities in water and 
conclude that glass distillation is necessary (62). Chance has examined 
the kinetics of purpurogallin formation and finds that the production of 
this dye is slower and more sensitive to pH than the reaction of complex II 
with pyrogallol, which proceeds at a rate corresponding to P.Z.=1500 
and such sensitivity to trace impurities is not unexpected. Consideration 
of other methods for peroxidase assay is desirable (63). 

Preparations—Keilin & Hartree (43) have reviewed their work on per- 
oxidase, catalase, and ferrihemoglobin. Many obscure points of peroxidase 
studies are clarified, and spectroscopic data on all known peroxidase com- 
pounds are included. Their historical review interestingly enough attributes 
the first demonstration of an enzyme substrate complex to Keilin & Mann in 
1937, presumably in view of the fact that Stern’s enzyme-substrate complex 
of 1936 was later found to be catalytically inactive in Chance’s studies. 

Their method of peroxidase preparation is simple and causes relatively 
small losses. Starting with sprouted horse-radish roots gathered in the 
spring, the method employs the usual ammonium sulfate precipitations, 
followed by ethanol and tricalcium phosphate gel treatment, heat denatur- 
ation of impurities, and final ammonium sulfate fractionation. The yield 
was 2 gm. per 100 kg. of roots. Crystalline material was not obtained, 
but ultracentrifugal studies showed 92 per cent purity for P.Z.=1220 and 
a molecular weight of 39,800. The enzyme contains 13.2 per cent nitrogen 
and 1.61 per cent hemin, corresponding to a molecular weight of 40,500. 
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The hemin content and molecular weight differ from those obtained by 
Theorell, 1.45 per cent and 44,100 (64). Theorell, however, electrodialyzed 
his preparation to remove hemin impurities. A more recent preparation 
from Theorell’s laboratory gives P.Z.=1020, 12.5 per cent nitrogen, 1.36 
per cent hemin, 0.12 per cent iron, and Dyo2m,/D2s0myz = 3.04 (62). The latter 
criterion is very useful and is unfortunately not included in Keilin & Har- 
tree’s data. Because of Keilin & Hartree’s lower molecular weight, the 
molecular extinction coefficients of peroxidase and its compounds are 11 
per cent higher than those published by previous workers. The fact that the 
value of P.Z. of this preparation is 30 per cent greater than that of Theorell’s 
preparations is attributed by Keilin & Hartree in part to the variability of 
the P.Z. determination. 

Theorell’s “‘paraperoxidase’’ has been investigated in detail and, as a 
confirmation of Theorell’s later views (64a), is found to be a product of 
natural peroxidase formed in a reversible denaturation reaction. Keilin & 
Hartree propose that one more iron protein linkage is acquired in the forma- 
tion of paraperoxidase and that this linkage is readily ruptured on forma- 
tion of the usual compounds of natural peroxidase. 

Nature of peroxidase-peroxide complexes.—The electronic rearrangement 
that occurs upon the transition of the green primary complexes (I) to the 
red secondary complexes (II) of horseradish peroxidase has been illuminated 
by the chemical studies of George (4, 65). First, he has found that complex 
II may be formed from a variety of oxidizing agents related to peroxide in 
that they contain an oxygen atom: O;, ClO2, Cl0z<-, HOCI, HOBr, BrO;-, 
IO,-, and S,O,= in the presence of Agt. Secondly, he ‘‘titrated’’ complex 
II with ferrocyanide and found, as in the ferrimyoglobin complex (see p. 
687), only one oxidizing equivalent instead of the two present in the original 
peroxide molecule. 

This focuses considerably more attention upon the acceleration of the 
transition from complex I to II by the addition of a donor molecule [Chance 
(66)], and George’s results suggest, as Chance has subsequently proved, that 
one of the two oxidizing equivalents of complex I is transferred to the donor 
in this transition (4, 65, 66a). The remaining oxidizing equivalent of com- 
plex II is then transferred to a second donor molecule according to George’s 
results. Both complexes I and II may be involved in separate one-step re- 
actions with donor molecules in excellent agreement with the views of 
Michaelis on this subject (67). In fact, both of his fundamental contributions 
apply to such a system: the theory of enzyme-substrate compounds and of 
one-step reactions. 

Already it is clear that this reaction sequence may not apply to catalase 
action where the green complex I apparently transfers both its oxidizing 
equivalents directly to the same donor molecule without the appearance of 
a measurable amount of a one-step intermediate. On the other hand, the 
possibility of separate one-step oxidations in the case of peroxidase explains 
in a simple manner the very rapid oxidation of ferrocytochrome-c by peroxi- 
dase and peroxide (see also p. 699). 








- 


- = Kh be DO 





BIOLOGICAL OXIDATIONS 697 


Again, the nature of complex II is open to speculation. George (4) 
proposes that the iron is tetravalent [Fe™ or a “‘ferryl” ion (see p. 687)] 
or that the iron is trivalent as a component of a diradical structure or that 
an electron is removed from the 2-orbit common to the prophyrin ring as a 
whole. Experimental evidence for the existence of the last type is afforded 
by the interesting experiments of Cahill & Taube, who have demonstrated 
removal of one electron from the ring system of Cu-, Fe-, Zn-, or Al-tetra- 
sulfonated phthalocyanines (68). 

Preliminary values for the magnetic susceptibility of complex I and II 
have been obtained by Theorell, Ehrenberg & Chance (38) under special 
experimental conditions. Values of xm of 6600 X 10~* and 4850 X10~* e.m.u., 
corresponding to 3 and 2+unpaired electrons for complexes I and II respec- 
tively, verify the existence of higher oxidation states of peroxidase caused 
by reaction with peroxide. An exact electronic structure is not yet known be- 
cause a number of resonating forms are possible in which the iron could have 
a variety of valencies. 

The results of these recent — are summarized: 


ki ky 
HRP ——— Complex I aiaiail Com ~ XY II —— HRP+2A+2H:0 


HO, (Green,3 un- AH (Red, 2+ un- 
paired elec- oe 
trons, 2 oxi- 1 oxidizing 
dizing equiv- equivalent) 
alents) 


Since k; exceeds ky by about fifty-fold, complex II is the rate limiting or 
‘Michaelis’ intermediate in peroxidase action. 

In a comparison of the properties of ionic iron and hemoprotein catalysis, 
George (4) concludes that the co-ordination of the iron with porphyrin and 
protein leads to definite advantages over ionic iron: (a) greater solubility, 
(b) the ability to form peroxide complexes and their reactive products, 
(c) the ability to interact with groups in the protein molecule involved in 
specific over-all reactions. George also rejects the term ‘‘Michaelis Complex” 
for the secondary peroxidase complex since it does not contain the intact 
substrate molecule. We, however, prefer to define the Michaelis complex 
as that intermediate whose concentration determines the over-all reaction 
velocity (3). 

Theorell & Maehly have obtained more detailed and accurate data on 
the activity and spectra of the artificial peroxidases formed by combining 
peroxidase protein with various hemins (62). Deutero-, meso-, and aza- 
peroxidase give an enzymatic activity respectively equal to 56, 63, and 
20 per cent of protoperoxidase. The corresponding molecular extinction 
coefficients are found to be 74, 65, and 42 per cent of that of protoperoxidase 
at 402 my, a rather surprising discovery in view of the constant molecular 
extinction coefficients of the hemins themselves (69). Since both the extinc- 
tion coefficients and the activities decrease, we suggest that an inactive 
peroxidase may result from a sterically inappropriate combination of heme 
and protein causing neither activity nor an intensification of the Soret 
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band. In fact, Theorell & Maehly show that the addition of peroxidase pro- 
tein to pheophorbid-a hemin causes a nonspecific increase in the absorption, 
and gives rise to no enzymatic activity. However, Maehly finds that subse- 
quent combination with protohemin readily occurs, and that the pheophor- 
bid-a hemin may be bound to peroxidase protein at a different spot from 
protohemin (69). 

Maehly has made a definite advance in our knowledge of the mechanism 
of peroxidase splitting. This is no simple equilibrium between protohemin 
and peroxidase; several distinct steps occur on splitting and recombination, 
and the pathways are different. Splitting occurs only below pH 4 and above 
pH 13; recombination occurs between pH 4 and 12, but only after acid 
splitting in the presence of halogen ions (69a). 

The data on the four steps in the splitting of peroxidase are summarized 
by Table II and are seen to involve four spectroscopically distinct com- 
pounds. 





























TABLE II 
STEPWISE SPLITTING OF HorsE RADISH PEROXIDASE (69a) 
HRP HCl | Compound Ht Compound 2H* Compound > Com- 
> A —> B _ Cc pound D 
Speed of reaction | very tye~100 hy 360 tyyv 
fast sec. at sec. at several 
pH 2.0 pH 2.0 hours 
(acceler- 
ated by 
halogen 
ions) 
Postulated Formation Opening of Splitting of Aggre- 
reaction ofa the iron- two propri- gation 
chloride protein onic acid- of 
compound linkage protein hemin 
linkages 
¢max a 87 106(130*) 50 46 
(cm. XmM~) 
hema on 407.5 398.5 375 380 
(my) (396.5*) 


























* In the absence of halogen ions only. 


Compound B may not occur in the sequence of reversible splitting reac- 
tions; it is not observed in the presence of fluoride. In the presence of sulfuric 
acid which causes maximal formation of compound B, the split products 
cannot be recombined. The fact that the rate of formation of compound C 
varies as the square of the hydrogen ion concentration suggests that the two 
propionic acid-protein linkages are ruptured in this reaction. 

Heme-linkages.—As in the case of catalase, there no longer stands any 
evidence for the existence of a heme-linked hydroxyl group in peroxidases 
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(70): the two pH effects on which the heme linkage was proposed no longer 
require it. The effect of pH upon the affinity of peroxidase for fluoride is fully 
explained by the change of hydrofluoric acid concentration with pH over the 
range 2.7 to 6.0. The shift in the peroxidase spectrum at 615 my found to oc- 
cur at pH 5 upon acidification can occur below pH 3 at lower chloride concen- 
trations, and the second heme-linked group of pK 4can be observed at pH 1.5 
when sulfuric acid is used. In fact the two spectroscopic shifts at pH 4 and 
5 studied by Theorell & Paul (71) are now identified with the formation of 
compounds A and B of Maehly’s splitting sequence. The heme-linked hy- 
droxyl group is not disproved, because it may lie below the limit of peroxidase 
stability, but Keilin & Hartree offer the effect of temperature upon the spec- 
trum of alkaline peroxidase as evidence against the hydroxyl group in neutral 
peroxidase. They favor a water molecule bound to the iron atom (12, 43). 
The assignment of heme linkages in peroxidase on the basis of differential 
titration data is difficult if the heme-linked hydroxyl group is present 
[Theorell (72)]. 

In the absence of this group, the binding of molecules to peroxidase 
would occur by the exchange reaction: 


Fe-H,0 + HA«> Fe-HA + HO. 


Chance has found that acidification or addition of fluoride to complex 
II causes the appearance of a complex very similar to I, and this effect has 
been used to measure the magnetic susceptibility of complex I [see p. 697, 
Theorell, Ehrenberg & Chance (38)]. The activity of complex II towards 
ascorbic acid maintains its full value down to pH 2.8, and thereafter the 
enzyme is split. 

Reactions of Complex II with donors.—The rapid oxidation of dilute solu- 


- tions of ferrocytochrome-c by all four of the purified peroxidases has been 


demonstrated in Chance’s studies (73). The speed of the reaction of complex 
II with ferrocytochrome-c is 120, 10, 9, 4107 Msec.— respectively for 
cytochrome-c peroxidase [see Altschul, Abrams & Hogness (74)], horse- 
radish peroxidase, verdoperoxidase, and lactoperoxidase, respectively. The 
catalysis of this reaction is a general property of peroxidases (but not cata- 
lase) in which these enzymes exhibit as high an activity as they do in their 
reactions with their classical substrates, phenols and amines. Definite max- 
ima are observed in the activity-[ferrocytochrome-c] relationships for horse- 
radish, verdo-, and lactoperoxidase, the significance of which is obscured by 
the possibility of the presence of an inhibitor in the cytochrome-c (see 
p. 703). 

Direct evidence of the oxidation of ferrocytochrome-c of intact yeast 
cells by cytochrome-c peroxidase and methyl hydrogen peroxide is obtained 
in Chance’s recent spectroscopic studies and suggests that, whenever 
peroxide is available, these peroxidases can contribute to the main stream 
of electron transfer in cellular respiration (75). 

Saunders and his co-workers have isolated several of the end products and 
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have shown several of the possible steps in the extremely complex oxidation 
reactions that may occur in the presence of peroxidase and hydrogen perox- 
ide. The oxidative breakdown of methoxyamines has been studied in 4- 
methoxy-2,6-dimethylaniline (76) and in p-anisidine (77). They propose 
that the initial reaction of complex II and the donor molecule involves the 
removal of a hydrogen atom and the attachment of a hydroxy] radical: 


Me N 
7 
x >» - —-— NH + Per-OH ———> 
O-------0 HO 
H t \per - 
Me 
<< o + MeOH + NH, 
Me 


The nature of the first intermediate formed may be more complicated and the 
existence of a r-complex is proposed, resulting in various products depending 
upon the donor molecule. 

Sizer has continued his work on the oxidation of poison ivy allergens by 
horse-radish peroxidase and peroxide (78). The pure allergen, n-pentadecy]- 
catechol, is oxidized more rapidly by complex II than by laccase or tyro- 
sinase. The initial reaction product is probably a quinone which rapidly 
polymerizes. However, peroxidase only partly destroys the irritant proper- 
ties of the allergens. 

In a similar study, anti-Rh agglutinins are inactivated by peroxidase 
and peroxides (79). In contrast to Agner’s studies of diphtheria toxin inacti- 
vation (80), uric acid is not required. It is thought that tyrosine groups of 
the proteins are oxidized. 

There now appears some possibility of explaining the oxidase property 
of peroxidase in the presence of dihydroxymaleic acid which was studied in 
detail by Theorell & Swedin (81). Chance finds two separate phases of 
the reaction (82). The first is a rapid oxidase reaction resulting in the 
formation of hydrogen peroxide and the second is a peroxidatic oxidation 
of dihydroxymaleic acid by hydrogen peroxide formed in the first reac- 
tion. The oxygen-dihydroxymaleic acid stoichiometry is one to one for 
the peroxidatic reaction, and roughly one to two when both reactions 
proceed, although considerable variation is observed in the latter case. 
The oxidase effect appears to be catalyzed by a Mn** activated peroxi- 
dase-peroxide complex. Apparently dihydroxymaleic acid has the prop- 
erty of forming complex III even at very low peroxide concentra- 
tions. This complex is not a ferroperoxidase-oxygen compound (81) be- 
cause the complexes of dihydroxymaleic acid with horse-radish, lacto, and 
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cytochrome-c peroxidases cannot be converted to the ferroperoxidase car- 
bon monoxide compound without reduction of the iron by hydrosulfite. 

It now appears dubious that dihydroxymaleic acid oxidation represents 
a special mechanism of peroxidase action. The metal-activated oxidase 
effect is caused by cytochrome-c (83) and is apparently greatly enhanced 
when it is accompanied by a rapid peroxidatic oxidation of dihydroxymaleic 
acid. 

The full explanation of the light sensitive CO inhibition of the respira- 
tion of the Mn*+-free system may require further study (83a). 

Keilin & Hartree now find that there is no basic difference in the reactiv- 
ities of paraperoxidase and natural peroxidase towards dihydroxymaleic 
acid: hydroquinone is not necessary for the oxidase activity of the latter 
enzyme (43). 


Ascorsic Acip OXIDASE 


By a slight modification of the previous procedure, Dunn & Dawson 
now obtain an enzyme preparation that is homogeneous on the basis of elec- 
trophoretic and ultracentrifugal tests (84). The copper content of this ma- 
terial is 0.26 per cent and its molecular weight is 146,000, corresponding to 
six copper atoms per molecule. The activity corresponds to a turnover 
number of 680 times per sec. per Cu atom in 1.8 mM ascorbic acid at pH 
5.6 and 25°C. (85). The velocity constant for the reaction of the copper 
protein and ascorbic acid is at least 3 X 10°M—! Xsec.—!, over 30 times the value 
for the reaction of horse-radish peroxidase (complex II) with ascorbic acid. 

From experiments with a cation exchange column, Joselow & Dawson 
(86) have concluded that copper is not dissociable from the oxidized or 
reduced forms of the enzyme and that the removal of extraneous copper 
from the enzyme does not impair activity. But in further tests with Cues 
as a tracer (87), up to 30 per cent exchange of the enzyme copper is observed 
when rapid turnover of the oxidase occurs during catalysis of the reaction 
of oxygen and ascorbic acid. They propose that the considerable inactivation 
of the enzyme during catalytic activity renders the copper momentarily 
labile or that the oxidation-reduction cycle of normal activity causes the 
instability of the copper-protein bonds. The electronic configuration of 
cuprous complexes would be more suitable for the release of copper than that 
of the cupric complexes. 

Evidence for an oxidation-reduction cycle in ascorbic acid oxidase is 
afforded by the disappearance of the blue color of the oxidized form of the 
enzyme upon addition of ascorbic acid and its reappearance upon oxygena- 
tion as in the case of laccase (88, 89). Interestingly enough, the enzyme is 
spontaneously reduced when sealed in tubes, presumably as a result of 
reducing substances present even in the pure preparation, as in the case of 
peroxidases. The reaction mechanism is believed to involve the formation of a 
ternary complex of oxygen, enzyme, and ascorbic acid in which a cupric- 
cuprous cycle occurs. Unless the blue color turns out to be a separable pig- 
ment as in the case of laccase (88, 89), the shifts in the absorption spectrum 
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of ascorbic acid oxidase upon the addition of oxygen or ascorbic acid will 
open the way for studies of the type that have shed so much light on the 
action of catalases and peroxidases. 


TYROSINASE 


Lerner et al. (90) have shown that mammalian tyrosinase prepared from 
mouse melanoma requires copper for activity: removal of copper or the 
presence of copper inhibitors causes a loss of activity that can be restored by 
addition of copper. In a second paper (91) the specificity of the enzyme was 
studied in detail; L-tyrosine, L-tyrosine ethyl ester, and L-Dopa were most 
active. Some substituted tyrosines were effective inhibitors (N-acetyl-, 
N-formyl-, 3-fluoro-, and 3-amino-tyrosine). The phenolic OH and the 
NH: groups of the substrate are essential for activity. 


CYTOCHROME SYSTEM 


Cytochrome-c remains the only member of the cytochrome system which 
can be isolated in relatively pure form. However, recent work has made us 
less sure of the nature of the pure, native pigment. 

Structure of cytochrome-c.—Paul (92, 93, 94) has reported on the linkage 
between the prosthetic group and the protein moiety in cytochrome-c, 
and essentially confirms the structure previously proposed by Theorell. 
Paul (95) found that the cysteine groups of the protein are linked to the 
a-carbon atoms of the two vinyl groups of the porphyrin. He split the 
linkages by the silver salt method, which avoids treatment with strong acid, 
by using the Grinstein procedure (95a) for preparing the porphyrin from 
hematohemin-c (95). By a differential titration curve of pure cytochrome-c 
and of the protein split from it, he found that the free protein consumed two 
more equivalents of base per molecule than the intact cytochrome-c between 
pH 4 and neutrality. This would be in the proper range for titrating the 
imidazole groups of histidine. Paul also tested for the free histidine groups 
in hydrolyzed cytochrome-c with and without treatment with 1,2,4-fluoro- 
dinitrobenzene and could account for at least one histidine group as a heme- 
linked group. 

Potentiometric titrations of cytochrome-c by Rodkey & Ball (96) from 
pH 0.4 to 10.0 showed two changes in slope in the E,)’-pH curve at pH 1.7 
and pH 7.8. The change of slope in the acid region might indicate the dis- 
sociation of protons from two groups in the protein with pK values around 
1.75, which would be in accord with Paul’s conclusions. 

Properties, assay——Tsou (97) has described a modified method for 
preparing cytochrome-c with 0.43 per cent iron, which seems to be simple and 
to give consistent results. The level of 0.43 per cent iron no longer represents 
the maximum iron content of cytochrome-c. Paléus & Neilands (98) devised 
a method for purifying cytochrome-c on a cation exchange resin and sepa- 
rated out an impurity of low iron content. By elution at varying pH values, 
the cytochrome was separated into several fractions, one having an iron 
content as high as 0.47 per cent. 
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A change in the catalytic activity of cytochrome-c on standing at 4°C. 
was reported by Holmes & Wynne (99), who observed changes in the Km 
of the cytochrome in the ascorbic acid-cytochrome oxidase system, but not 
in the succinoxidase system. They claimed that a fragment is detached from 
the cytochrome-c which acts as a competitive inhibitor of cytochrome oxidase. 
Other workers (129) have reported large variations in the catalytic activity 
of different commercial samples of cytochrome-c. 

Cytochrome-c was digested with proteolytic enzymes by Tsou (97, 100) 
to test the effect of modifying the protein part of the enzyme. The action of 
pepsin brought about a rapid drop in the optical density at 550 my, then a 
slow rise, which might indicate that a splitting was followed by a recombina- 
tion. Cytochrome-c modified by pepsin had a molecular weight of only 2500, 
as calculated from the iron content; it was found to be auto-oxidizable, to 
combine with CO and to be inactive in succinic oxidase systems, but its 
visible absorption spectrum was indistinguishable from unmodified cyto- 
chrome-c in neutral and alkaline solutions. Destroying so much of the 
protein of cytochrome-c is apparently not possible without affecting its 
catalytic activity, even though the heme-protein linkages may have remained 
intact. Tsou did not investigate intermediate stages of digestion. Since the 
pepsin-modified cytochrome-c is auto-oxidizable and can be reduced by as- 
corbic acid, it can act as an ascorbic acid oxidase, but is not nearly so active 
in this respect as the copper-containing oxidase. 

Tsou (101) has made further investigations on the possible differences 
between soluble cytochrome-c and endogenous cytochrome-c attached to 
the cellular particles. The latter differs from soluble cytochrome-c in that it 
does not combine with cyanide. When a heart muscle preparation deficient in 
cytochrome-c was incubated with soluble cytochrome-c, the latter was incor- 
porated into the particles and acquired the properties of the endogenous 
pigment, which Tsou interprets as meaning that a special linkage was formed 
to bind the cytochrome-c in the proper spatial arrangement with the other 
cytochromes. It has previously been observed that cytochrome-c can be 
removed from the particles by washing with salt solutions and that it can 
be adsorbed by various particles present in a homogenate. 

Cytochrome-c will combine with the antibiotic bacillomycin-b to form a 
complex, but the catalytic activity of the cytochrome-c is unaffected (102). 
Uric acid is rather slowly oxidized by cytochrome-c at pH 9.5 (103). 

Cytochrome oxidase activity has been often assayed by measuring the 
rate of oxidation of reduced cytochrome-c. By using a microcuvette, Cooper- 
stein & Lazarow (104) observed the reaction with 4 yg of rat heart tissue in 
a total volume of 300 ul. 

Succinoxidase activity can be simply and accurately measured from the 
rate of formation of fumarate at 250 my, as shown by Chance (105). Fumarase 
activity and the light-scattering properties of the suspension do not cause 
errors in this procedure. 

A histochemical method for demonstrating succinic dehydrogenase in 
tissue sections has been worked out by Seligman & Rutenberg (106) utilizing 
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the dye, ditetrazolium chloride, which is reduced to a blue formazan pigment 
by the action of a number of dehydrogenases. Reduction of the oxidation- 
reduction indicator resazurin has also been applied to succinic dehydrogenase 
determination (107). 

Preparations.—Chance (75) has evaluated the activity of succinoxidase 
preparations in terms of the relative content of cytochrome-a;, instead of 
total dry weight. Criteria are tabulated that should be useful in assessing 
the quality of heart muscle and other types of preparation. 

Bonner (108, 109) re-emphasizes the importance of the colloidal struc- 
ture of heart muscle preparations and refutes the postulate of Ball & Cooper 
(110) that a phosphorylated intermediate is involved in the succinoxidase 
system. The low activity of preparations made without addition of phosphate 
could be increased to that of ordinary preparations by the addition of de- 
natured globin or of histidine, lysine, or glyoxaline-4,5-dicarboxylic acid, 
which seems to confirm the idea of Keilin (111) that phosphate is not 
necessary for the oxidation of succinate. 

Borei (112) also observed the activating effect of protein on preparations 
inactivated during aging. He found that desiccation impaired the activity 
of fresh preparations unless sufficient blood serum was present. 

Using improved methods for fractionating liver homogenates, Schneider 
& Hogeboom (113) found 50 per cent of the total cytochrome-c in mitochon- 
dria and almost none in the other particulate fractions. About 60 per cent 
of the succinoxidase activity remained in the mitochondria; however, the 
activity in the sum of the individual fractions only added up to 80 per cent 
of that in the original or the reconstituted homogenate. 

Beinert (114) observed secondary distribution of cytochrome-c by adsorp- 
tion on the various particles of homogenates when labeled cytochrome was 
added during homogenation. The effect is least in 0.9 per cent NaCl and 
greatest in water. 

Watanabe & Williams (115) found that the large spherical cytoplasmic 
bodies called sarcosomes, which occur in the flight muscles of certain insects, 
contain an assortment of enzymes, including the succinoxidase system 
which is similar to that found in mitochondria from vertebrate tissues. These 
large mitochondria are easy to prepare and are not contaminated with hemo- 
globin, unlike those from liver. Further studies of these particles by Leven- 
book & Williams (116) show a correlation between the increase in cytochrome 
components observed during the first week of adult life and the increase in 
wingbeat frequency. It was calculated that a mature sarcosome contained 
about 6X10*® molecules of cytochrome-c, and the turnover number of the 
cytochrome-c during flight would be about 2900 sec.—}. 

Riley (117) showed that the concentration of NaCl (or KCl or KNOs) 
had a pronounced influence on succinoxidase and cytochrome oxidase 
activity in purified cytoplasmic particles from mouse melanomas and also 
in mitochondria, slices, and homogenates. 

Inhibition of cytochrome oxidase activity has been observed in the pres- 
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ence of small concentrations of 1,1,1-trichloro-2,2-bis-(p-chloropheny])- 
ethane (DDT) (118) and of certain organic mercury compounds (119, 120). 
The glucoside strophanthin has no effect (121). 

A number of attempts at purification and characterization of cytochrome 
oxidase have led to somewhat conflicting results. Two papers by Eichel 
et al. (122) and Wainio et al. (123) describe further work on their desoxy- 
cholate fractions of heart muscle. By determinations of the copper and iron 
content of the different fractions, they concluded that cytochrome oxidase is 
a copper enzyme; they found some correlation between the copper content 
with the absorption at 601 my. Total metal analyses of impure enzyme 
systems have in many cases led to erroneous conclusions as to the nature of 
metallo-enzymes and such evidence has much less value than the photo- 
chemical studies of Warburg (124). J. Keilin (125) has shown a copper- 
porphyrin to be entirely inactive catalytically and it seems unlikely that 
cytochrome oxidase is a copper enzyme. 

Wainio & Eichel and co-workers assume that cytochromes-a and a3 
are not separate entities, in spite of Keilin & Hartree’s evidence that they 
react differently with cyanide and carbon monoxide (126). Interestingly 
enough, they claim to have demonstrated what Keilin & Hartree were 
unable to show with heart muscle preparation: the reduction of cytochrome-a 
in a desoxycholate preparation by reduced cytochrome-c. However, the 
latter was reduced by Na2S.O,, not by Pt and He, so that reducing agents 
may still have been present. Strangely enough, the cytochrome-c was mainly 
oxidized under the supposedly anaerobic conditions. A further proof of this 
result is desirable. Wainio et al. also observed a change in the pH optimum 
of cytochrome oxidase with variations in ionic strength; this effect has been 
observed for a number of enzymes. 

Smith (127) made further purification of the cytochrome oxidase prepa- 
ration described by Smith & Stotz (128). The purified preparation has a 
calculated Qo, in excess of 10,000 at 20°C., at 1.5 X10-°M ferrocy tochrome-c 
and the absorption spectrum corresponds to that of cytochromes a+a;3. 
Reduction could be observed when reaction with ascorbic acid plus cyto- 
chrome-c or the succinoxidase system made the solution anaerobic; then 
addition of CO produces a shift in the as band at 444 my to 430 my and has a 
much smaller effect on the absorption at 605 my. This agrees with the view 
that cytochrome-a; is related to, or identical with, cytochrome oxidase. Prob- 
ably the most significant observation is that in a number of different prepa- 
rations, the ratio of the increase in optical density on reduction at 444 my to 
that at 605 my is constant and in agreement with the data of Chance on 
heart muscle preparations. In fresh preparations, the cytochrome oxidase 
activity is proportional to the increase in optical density at 444 and 605 my, 
in contrast to the results of Wainio & Eichel et al. 

Talcott & Leonards (129) dienersed the particles of heart muscle prepa- 
rations by sonic vibration (9000 cycles per sec.) in NHsOH-NH,CI buffer. 
The preparation they obtained has a Qo, of about 1200 at 25°C. and is not 
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sedimented by centrifugation at 11,000 g. Noattempt at further purification 
was described. 

Two reports have appeared describing the separation of enzymes associ- 
ated with insoluble particles by extraction with butyl alcohol. Morton (130) 
obtained almost quantitation recovery of succinic dehydrogenase in this 
way, which he could purify further by ammonium sulfate fractionation. By 
extracting liver mitochondria with butyl] alcohol in the presence of a protec- 
tive colloid, Kun (131) obtained the preparation described below. 

Kun (131) and later Strittmatter & Ball (131a) find pigment prepara- 
tions in rat liver that can reduce cytochrome-c in the presence of DPNH. 
These pigments are very similar spectroscopically and may be identical: 
when reduced, they both appear to have a Soret peak at 424 mu. In this case, 
Kun’s result, that cytochrome-c is reduced much more rapidly than the pig- 
ment itself, suggests that the latter may not be the catalyst in the reductase 
activity. And this pigment is not a part of the DPNH oxidase system of 
heart muscle where neither Slater nor Ball find it. On the other hand, this 
pigment, found in the ‘‘microsomal”’ fraction by Ball, appears to be a natu- 
rally occurring one instead of the ‘“‘denatured protein hemochromogen’”’ ob- 
served by Slater in 1948 or the cytochrome-}; observed by Keilin in 1940. 
Yoshikawa (139) gives a value of —0.3 v. for the oxidation-reduction poten- 
tial of such a pigment, and this is confirmed by Strittmatter & Ball. 

Mechanisms.—The cytochrome system may be composed of the follow- 
ing components, as summarized by Slater (132): 


Succinic dehydroginase <> cytochrome-b 


factor<+cytochrome-c<> cytochrome-a<¢>cytochrome-a,+ 0, 


DPNH; -— — diaphorase 





Most of the above work on purified preparations is in qualitative agree- 
ment with this scheme. 

Further evidence of the existence of the factor between succinic dehydro- 
genase and cytochrome-c is furnished by the inhibitory action of very low 
concentrations (10-*M) of antimycin-a on the succinoxidase system, 
investigated by Potter & Reif (133). The inhibitory effect at this concentra- 
tion is not on succinic dehydrogenase or on the cytochrome oxidase-cyto- 
chrome-c system; thus the compound seems to react with the postulated 
factor. 

Quantitative studies of the spectra and reaction kinetics of the cyto- 
chrome components of insoluble enzyme systems are now possible by Chance’s 
rapid and sensitive spectrophotometric techniques (75) and lead to some 
numerical data on the speed of the reactions of the insoluble enzymes and to 
a theory for the mechanism of their action. Spectra are obtained which repre- 
sent the difference between the oxidized and reduced states of the pigments. 
In heart muscle suspensions, the absorption bands of the cytochrome com- 
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ponents ds, c, b, and ashow maxima at 444, 551, 561, and 604 mu. From the dif- 
ference spectra and calculations using known extinction coefficients for 
the pure substances or related compounds, the relative content of cyto- 
chromes 43, a, c, and b in an average heart muscle preparation is 1, 2, 1.6, and 
1.0. On the basis of titration with antimycin, the relative content of the 
factor between succinic dehydrogenase and cytochrome-c is 1.2. The simi- 
larity in content of the five components suggests that the “succinic oxidase 
assembly” consists of one each of the components. The percentage oxidation 
of each of the cytochromes in the steady state, calculated from observations 
of optical densities in the oxidized, reduced, and steady state conditions 
proved to be 87, 69, 64, and 68 per cent for cytochromes-a;, a, c, and b, and 
the values of their turnover numbers are 58, 29, 36, and 58 sec.—! respectively 
for an average preparation at 25°C., and on the assumption that all the 
electron transfer is mediated by these cytochromes (but see below). 

On the basis of the assumption that the bound cytochromes collide 
with each other by thermal vibrations about their point of attachment to 
the particle, the velocity constants for the interactions of the cytochromes 
have been computed according to the law of mass action (the units are 
X10*°M—! Xsec.—?). 


10 30 30 40 Ten 0.01 . 
O. ——> a; —— a —— c ——> Succinic dehydrogenase ———> succinate. 


The spatial arrangement of the cytochromes in best accord with other 
kinetic data is one based upon separate “‘succinic oxidase assemblies”’ 
the components of which interact with their neighbors, but not with the 
components of other assemblies. 

The kinetics of reduction of the cytochromes were studied with a double 
beam spectrophotometer that permitted simultaneou. recording at two 
wavelengths. It was observed that the reduction of cytochrome-d is pro- 
longed after that of the other cytochromes. Also, in CN-inhibited systems 
at low temperature, the rate of reduction of cytochrome-b is so slow that 
only 2 per cent of the oxidase activity could be carried through this compo- 
nent. Thus cytochrome-b does not participate in the pathway of electron 
transfer as it has been usually pictured. The scheme of reactions might be 
modified to the following: 


O:. & a > a> ¢ & Succinic dehydrogenase — succinate 


fast oxidation J slow reduction 
b 


in which “succinic dehydrogenase”’ includes Slater’s factor. In Kun’s solu- 
bilized preparation (131) a slow rate of reduction of cytochrome-b was 
also observed. 

In addition to Chance’s direct kinetic data, chemical data has also 
accumulated to refute the old postulate that succinic dehydrogenase is 
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possibly identical with cytochrome-b. For example, it was possible to sepa- 
rate succinic dehydrogenase activity from cytochrome-b in a number of 
instances (134, 135, 136). Tsou (137) observed that succinic dehydrogenase 
was slewly and irreversibly inhibited by cyanide in the absence of substrate, 
and, when almost completely inhibited, the cytochrome-b band could still 
be observed on addition of reduced DPN or a small amount of untreated 
enzyme plus succinate. 

On the other hand, Clark, Neufeld, & Stotz (135) have described a prepa- 
ration of cytochrome-b, which they claim has the properties of the factor 
postulated to act between succinic dehydrogenase and cytochrome-c. 
In view of the observations of Chance described above, it would be essential 
to show that the cytochrome-d reacts rapidly enough to fulfill the postulated 
role. Widmer & Stotz (135a) observed that antimycin-a seemed to have its 
greatest effect on succinic dehydrogenase. 

It was observed by Morton (134) that his purified succinic dehydrogenase 
would reduce ferricyanide, but not methylene blue. Succinic dehydrogenase 
of plants has the same property. The enzyme in both cases proved to be 
quite unstable (134, 139, 140). 

Tsou (137) explained his observation that the cyanide inhibition of suc- 
cinic dehydrogenase could be prevented by succinate or sodium hydrosulfite 
by assuming that the cyanide reacts only with the oxidized form of the 
enzyme, a condition which would mean that the enzyme itself is the immedi- 
ate electron or hydrogen acceptor. 

Kun (141) has shown that the succinic dehydrogenase of rat liver mito- 
chondria (which are lacking in glyoxylase) is inhibited by methyl glyoxal, 
with a concomitant decrease in sulfhydryl groups. 

The fluoride inhibition of succinic dehydrogenase was postulated by 
Slater & Bonner (142) to result from the formation of a complex of enzyme, 
fluoride, and phosphate. This would explain why phosphate is necessary 
for inhibition by fluoride. 

Succinic dehydrogenase was observed to be inhibited in vitro by selenium 
(143), whereas no inhibition of the succinic oxidase system was produced 
after exposure of kidney homogenates or slices to x-rays (144). 

Variations in the cytochrome content of a number of microorganisms 
have been studied. Slonimski & Ephrussi (145) showed that the small 
colony mutants of baker’s yeast are lacking in cytochromes-a and -b, but 
contain larger quantities of cytochrome-c than do the wild type. Baker's 
yeast, grown anaerobically, shows a spectrum characteristic of cy tochromes- 
a, and -b. Aeration of this yeast, even in the absence of active growth, 
brings about a change to the usual a, b, and c components observed in yeast 
grown aerobically (146). A compound which may be Keilin’s cytochrome-e 
is present in anaerobically grown yeast and may be the immediate precursor 
of cytochrome-c. The changes in cytochrome content on aeration are paral- 
leled by an increase in respiratory capacity and total hemin content. Chaix 
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& Roncoli (147) showed that several strains of B. subtilis and S. cerevisiae 
contain cytochromes-a and -}; in the resting state. With the beginning of 
growth the spectrum changes to that of the usual mixture of cytochromes-a, 
-b, and -c. The rate of change of the spectrum varies with the different strains 
and is influenced by temperature, oxygen tension, and the composition of the 
medium. E. coli differs from these two in retaining its original spectrum of 
cytochromes-h; and -a2z even after growth for 24 hr. 

The presence of the usual combination of cytochromes-a, -b, and -c 
was demonstrated in human spermatozoa by Mann (148) and in wheat 
roots by Lundegardh (149, 150). The latter obtained the difference spec- 
trum between the oxidized and reduced forms of the pigments by comparing 
the absorption in the absence and presence of KCN. However, any pigment 
binding cyanide (e.g., peroxidase) interferes with this method. 

Borei (151) was unable to find evidence for the presence of cytochrome-c 
in sea urchin eggs, although the bands of cytochromes-a and -b can be seen 
at the temperature of liquid air. The spectrum of suspensions of Trypanosoma 
crust shows strong bands at 556 and 532 my and a questionable band at 
600 my (152); the respiration is not inhibited in the presence of 95 per cent 
CO plus 5 per cent O2. Although the muscle of Ascaris lumbricoides can oxidize 
succinate, Bueding & Charms (153) found no cytochrome-c and cytochrome 
oxidase. Thus, the usual cytochrome system is apparently not present in a 
number of organisms. 

Chance has also applied his sensitive spectrophotometric method to the 
study of respiring yeast cells and bacteria (75). In addition to quantitative 
data on the relative cytochrome content as measured in the visible region 
of the spectrum, the ultraviolet region of the spectra of yeast cells has been 
investigated and shows the distinctive absorption bands of the pyridine 
nucleotide enzymes at about seven times the intensity of the band of cyto- 
chrome-a3. Thus it is now possible to study the effect of various substrates 
and inhibitors upon the kinetics of the pyridine nucleotide enzymes of the 
respiring cells. The investigation of the Soret bands of the cytochromes of 
several strains of rapidly respiring bacteria revealed large absorption bands 
near 430 my, but no peak at 444 my corresponding to cytochrome-a; or 
cytochrome oxidase. These observations do not fit with current ideas on 
the uniformity of the properties of the “‘Oxygen-transferring Enzyme.” 

The enzyme succinic dehydrogenase has been observed to have a wide- 
spread distribution in nature. Its presence has recently been demonstrated 
in oat and pea seedlings, in celery roots, and in Neurospora (139, 140, 154). 

Slater (155) compared the phosphorylation observed on oxidation of 
a-ketoglutarate by washed granules from cat heart when cytochrome-c or 
oxygen was used as the final hydrogen acceptor. When sufficient time was 
allowed, the P:O ratios were about the same magnitude with oxygen and 
with cytochrome-c. This suggests that phosphorylation occurs in the steps 
between the substrate and cytochrome-c. 
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Esterification of inorganic phosphate was observed by Hersey & Ajl 
(157) when succinate was oxidized to fumarate by cell-free extracts of E. 
coli, either aerobically or anaerobically. From the effect of phosphate on the 
rate of oxygen uptake, these authors concluded that inorganic phosphate is 
an essential requirement for succinic acid oxidation. As discussed above, the 
work of Keilin & Bonner showed that phosphate was not necessary for the 
oxidation of succinate by the succinoxidase system of heart muscle and that 
the effect of phosphate was on the colloidal structure of the particles. There 
is the possibility, however, that the succinoxidase system of E. coli differs 
from that of heart muscle. The acid-labile phosphorus compound formed in 
E. coli was found to be adenosinetriphosphate (ATP) (157, 158). 


PYRIDINE NUCLEOTIDES AND RELATED ENZYMES 
PURIFICATION, ASSAY 


Neilands & Akeson (159) devised a rapid and rather simple method for 
preparing diphosphopyridine nucleotide (DPN) of 80 per cent purity in 
good yield from yeast. The essential purification steps include adsorption 
on Norit, then chromatography on an ion exchange resin; thus the use of 
heavy metals is avoided. The DPN so prepared is essentially free of triphos- 
phopyridine nucleotide (TPN). 


REACTIONS 


The reactions of DPN in alkali were studied by Kaplan, Colowick, & 
Barnes (160). Whereas DPN is hydrolyzed in dilute alkali (1 to 0.1 N), 
strong alkali acted on DPN and other nicotinamide ribosides to form, with- 
out cleavage, a stable fluorescent product. This reaction was used, in con- 
junction with a diphosphopyridine nucleotidase from Neurospora as the 
basis for the determination of pyridinium compounds in tissue extracts. 

Colowick, Kaplan & Ciotti (161) studied the reaction of N-substituted 
nicotinamide compounds with cyanide, the reaction being similar to other ad- 
dition reactions on the nicotinamide ring. The reaction goes to completion 
only in the presence of concentrated cyanide (1M, pH 11). Formation of the 
cyanide complex is accompanied by a spectral change, the complex having 
an absorption peak at 325 mu. The spectral change is analogous to that ob- 
served on reduction of DPN, suggesting that cyanide adds across the ring 
double bond. There is a direct relationship between the optical density 
changes and the DPN concentration; thus the reaction can be used for 
analytical purposes. This reaction, combined with measurements of enzy- 
matic reduction, gives an indication of the presence of other nicotinamide 
riboside compounds. 

Low concentrations of cyanide (10-*M) in strong phosphate solution 
(162) catalyzed the oxidation of DPNH. A combination of cyanide and 
cupric ions (10~*M) in dilute phosphate solution produces an equally rapid 
oxidation. The oxidation is oxygen-dependent and is inhibited by 10‘ 
cysteine. 
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Feigelson, Williams, & Elvehjem (163) devised a method for determining 
pyridine nucleotides in tissue extracts by adsorption on activated charcoal, 
followed by elution and spectrophotometric assay. Jensen, Sachs, & Bal- 
dauski (164) showed that a number of DPN-linked enzymes could reduce the 
dye triphenyl-tetrazolium chloride and suggested this as an assay method. 

A number of naturally occurring enzymes cause hydrolysis of nucleotides 
and derivatives. 

An enzyme which attacks the nicotinamide-ribose linkage of DPN was 
found to occur in high concentration in Neurospora grown on a zinc-deficient 
medium (165, 166). The Neurospora enzyme differs from a similar enzyme in 
the brain in that the former is not inhibited by nicotinamide. A partial 
purification was accomplished. 

Rowen & Kornberg (167) purified an enzyme from extracts of beef 
liver acetone powder which catalyzed the phosphorolytic cleavage of nico- 
tinamide riboside as follows: 


Nicotinamide riboside* + PO,-~~ — nicotinamide + ribose-PO, + Ht. 


The possible identity of this enzyme with Kalckar’s nucleotide phosphory- 
lase is being investigated. The mechanism of the reversible enzymatic synthe- 
sisof DPN from ATP and nicotinamide mononucleotide (N MN) was investi- 
gated by Kornberg & Pricer (168), using labelled pyrophosphate. The 
reaction can be pictured as: 


P#2ps2 + DPN NMN + P#*P*?-P-adenosine (ATP). 


The reaction is regarded as a pyrophosphorolytic cleavage of the dinucleotide. 

Nicotinamide is often added to im vitro systems to inhibit the activity 
of DPN-splitting enzymes. Feigelson, Williams & Elvehjem (169) observed 
that under some conditions nicotinamide has an inhibitory effect on the 
endogenous respiration of rat liver and on partially purified malic dehydro- 
genase. With the latter system, the ratio of affinity for the enzyme of DPN 
to inhibitor was calculated to be 3100:1. 

An enzyme which catalyzes the reaction: 


TPNH + DPN — TPN + DPNH 


was found by Colowick, Kaplan & Ciotti (170) in extracts of Pseudomonas 
fluorescens. No reverse reaction was demonstrated. 

Alivisotos & Denstedt (171) observed that the diphosphopyridine 
nucleotidase of erythrocytes is present almost entirely in the stroma. 

DPN is split at the nicotinamide-ribose linkage by heat; thus the cyanide 
assay method of Colowick could be used to study the splitting reaction (161). 
The buffer used influenced the reaction greatly, the rate of splitting increas- 
ing three- to fourfold in the presence of phosphate or citrate. This effect of 
phosphate on the rate of cleavage might indicate some type of interaction 
between phosphate and DPN, but there is no spectral evidence for an addi- 
tional reaction between phosphate and DPN. Such a compound would be 
of considerable interest in connection with the ‘‘coupling” between phos- 
phorylation and electron transfer through the pyridine nucleotide enzymes. 
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DPN- ano TPN-LINKED DEHYDROGENASES 


A number of enzymes have been purified and characterized. 

Methods were developed independently for the preparation of crystalline 
glutamic dehydrogenase by Strecker (173) and by Olson & Anfinsen (172). 
The crystalline enzyme of Olson & Anfinsen was observed to be homogeneous 
on electrophoresis over the pH range 6 to 9. Sedimentation studies showed 
dissociation or unfolding of the protein at high dilutions and indicated a 
molecular weight of around 1,000,000. There is no spectroscopic evidence of 
nucleic acid bound to the molecule. The enzyme is specific for l-glutamate. 

Rat liver lactic dehydrogenase has been purified by alcohol and am- 
monium sulfate fractionation (175). Sedimentation studies indicate two 
principal components. 

DPN- and TPN-linked enzymes have been studied which are involved 
in the conversion of isocitrate to a-ketoglutarate (174), in the “malic” 
enzyme (176 to 181), in glyceraldehyde-3-phosphate dehydrogenase (182), 
and in a number of other phases of carbohydrate metabolism. These studies 
have been reviewed by Ochoa & Stern in the chapter on ‘Carbohydrate 
Metabolism” in this volume (182a). 

In plants enzymatic reduction of glutathione by TPNH has been demon- 
strated in the presence of Mn** or Mg** ions by Mapson & Goddard (183) 
and by Conn & Vennesland (184, 185). The TPN was reduced by the action 
of isocitric dehydrogenase or by Zwischenferment and glucose-6-phosphate. 
This glutathione reductase would complete a catalytic system which could 
transfer electrons from metabolites through TPN, glutathione, and ascorbic 
acid to molecular oxygen in plants, but it is still not established that ascorbic 
acid oxidase is the terminal system in plant respiration. Glutathione reduc- 
tase and ascorbic acid reductase might maintain the glutathione and ascorbic 
acid in their reduced forms. 

Davison (186) studied the formic dehydrogenase of plants, which differs 
from the bacterial enzyme in that the former requires DPN. The formic 
dehydrogenase system consists of the two separable enzyme activities: (a) 
catalytic oxidation of HCOOH by DPN, (8) catalytic reaction of DPNH 
with a dye, such as methylene blue. (Davison used disphorase as source of 
enzyme for the second reaction.) By measuring the reduction of thionine 
in the presence of excess diaphorase, the enzyme was found to be strongly 
inhibited by Fe*** or Cu* ions and by cyanide, azide, and CO. The inhibi- 
tion by CO was only slightly reversed by light. It was not possible to 
reverse the reaction and produce formic acid from CO:, but the formic acid 
dehydrogenase system could be linked to other DPN-linked enzymes, such 
as glutamic dehydrogenase. 

Mathews (187) investigated the properties of system } above in fractions 
of pea-seed extract. The enzyme could catalyze the oxidation of DPNH 
by oxygen in the presence of methylene blue or of ascorbic acid. The mecha- 


nism for the oxidation of ascorbic acid is not clear from Mathew’s experi- 
ments. 
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It has previously been shown that a DPN-linked enzyme called retinene 
reductase is involved in the production of retinene from vitamin A. The 
retinene then condenses spontaneously with the rhodopsin protein. Bliss 
(188), who had shown that liver alcohol dehydrogenase would similarly 
oxidize vitamin A, studied the kinetics of the reaction in the presence of 
crystalline alcohol dehydrogenase, and found that the equilibrium is more 
favorable to the aldehyde in this reaction than when ethyl alcohol is the 
substrate. 

Hubbard & Wald (189, 190) showed that factors which promote the 
oxidation of vitamin A, such as increase in vitamin A or DPN or addition 
of oxidative systems which keep the DPN oxidized, aid the synthesis of 
rhodopsin. They demonstrated the synthesis of rhodopsin in an artificial 
system containing rhodopsin protein, vitamin A, DPN, and liver alcohol 
dehydrogenase. The observation by Collins (191) of increased rhodopsin 
synthesis in the presence of oxygen in a system of ground retinas and chor- 
oids, succinate, DPN, nicotinamide, MgCl,, ATP, and cytochrome-c might 
be explained, on the basis of Wald’s observations, by oxidation of DPNH. 
Wald (192) has reviewed recent work on the chemistry of rod vision. 

The molecular weight of alcohol dehydrogenase was shown by Bonnichsen 
& Theorell (193) to be 73000. 

Blakeley (194) purified a sorbitol dehydrogenase from rat liver. The 
preparation oxidizes sorbitol in the presence of DPN, and methylene blue 
can act as the hydrogen acceptor. The product of oxidation of sorbitol is 
D-fructose. 


MECHANISM 


Recent developments in the study of horse liver alcohol dehydrogenase 
(ADH) shed a new light on the mechanism of action of the pyridine nucleo- 
tide enzymes. Theorell & Bonnichsen (193) reinvestigated the equilibrium 


™ [DPNH] - [(CH;CHO] - [H*] 
~  [DPN*]- (C:H;OH] 


in the presence of ADH and find a K-value of 0.86 X10~" at 20°C. compared 
with the value of 1.1510~" obtained by Racker, with the yeast enzyme 
(195). 

By using much higher ADH concentrations, they found two effects of 
great importance. First, the value of K becomes a function of both [ADH] 
and pH, increasing about 100-fold at pH 7 compared with pH 10 at an ADH 
concentration of about 100 uM. The increase of K with [ADH] is caused by 
the binding of significant amounts of ADH more tightly by DPNH than by 
DPN. The variation with pH is attributed to a variation of the affinities 
for DPNH and DPN with pH caused by dissociable groups in ADH of pK 10 
when DPNH is bound and pK 7.8 when DPN is bound. The greater values 
of K at the higher [ADH] make the oxidation of ethanol to acetaldehyde 
much more favorable at pH 7 to 8 than with the dilute enzyme. 

The second, and perhaps the more important, discovery at high ADH 
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concentrations is that the spectrum of DPNH is shifted: the 340 my band 
appears at 325 my with an extinction coefficient of 5.8 cm.-'xmM—, 
compared to the usual value of 6.25 cm.-!'XmM—! at 340 mu. This spectro- 
scopic effect is attributed to an ADH-DPNH compound. The value of 
[DPNH]/[ADH] that gives a maximal spectroscopic change is 2 at pH 7 
and about 1 at pH 10, respectively, indicating that 2 or 1 molecules of 
DPNH are bound to the enzyme at these values of pH. 

The over-all activity of ADH in catalyzing the above equilibrium was 
investigated, and Michaelis constants (K,) for aldehyde, alcohol, DPN, 
and DPNH were computed in the range 7 to 10. The maximum turnover 
number of ADH is 5400 min.—! at pH 7 in the presence of acetaldehyde; a 
value of only 330 min.—! is obtained with optimum conditions for ethanol 
(pH = 10). 

The specificity of horse liver ADH for alcohols includes those having 
the >C-CH,OH group, and all these substances give the same turnover 
number as ethanol (see p. 715). Methanol, however, does not react to any 
measurable extent. The ADH activity and the ADH content of liver is 
adequate to account for the im vivo rate of alcohol oxidation in humans. 
Catalase participation in this oxidation is rendered unlikely because of the 
zero order kinetics of alcohol oxidation in vivo. However, the catalase system 
may be required to account for methanol oxidation. 

The inhibition of ADH activity by -chloromercuro benzoic acid 
(PCMB) found by Wald & Hubbard (196) is explained by Theorell’s 
direct spectroscopic observation of the rapid splitting of the ADH-DPNH 
compound upon addition of PCMB. Theorell concludes that DPNH is 
linked to a sulphydryl group in ADH of pK 10, but conclusive evidence that 
PCMB and DPNH compete for an SH group is lacking. 

There exists an interesting but not completely consistent analogy between 
the binding of DPNH by the SH link in ADH and the binding of DPN by 
cyanide restudied in detail by Colowick, Kaplan & Ciotti (161). The absorp- 
tion spectrum of DPN-CN is very nearly identical to that of ADH-DPNH, 
and the structures of the two compounds may be similar. Two apparent 
inconsistencies arise from the fact that Colowick et al. formed the CN 
compund with DPN and not DPNH and that they were unable to forma 
compound with 0.1 M glutathione in the region pH 3 to 10. The SH group 
in ADH must therefore have special properties, as are already suggested 
by its failure to react with inhibitors such as monoiodoacetic acid, chloro- 
acetophenone, or to give the nitroprusside test even in the presence of 
DPNH at pH 9.0 (193). Also, whereas the yeast ADH is inhibited by mono- 
iodoacetic acid, this protein has not yet been shown to cause a shift of the 
DPNH spectrum. 

Westheimer, Fisher, Conn & Vennesland (197) have provided a clear-cut 
demonstration of proton transfer by means of deuterium-labelled ethanol, 
CH;CD.OH, to form DPND in the presence of yeast ADH. Their result 
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must also be considered in attempts to elucidate the binding of DPNH and 
the protein. 

Theorell & Chance (198) have used the sensitive spectroscopic techniques 
developed for the study of catalases and peroxidases in a study of the 
kinetics and equilibria of the compound of ADH and DPNH and have 
obtained a detailed proof of the operation of the ADH-DPNH complex in 
the enzymatic activity. Accurate titrations at pH 7 and 10 show the reduc- 
tion in the number of DPNH molecules bound to ADH from 2 at pH 7 to 
1 at pH 10. They also permit estimates of the dissociation constants at these 
two pH values for the complexes formed of about 10-7 and 3X10-*M 
respectively at 27°C. There is at present no evidence that the two DPNH 
molecules are bound with different dissociation constants or that they 
interact. The ADH-DPNH complex reacts rapidly with acetaldehyde or 
formaldehyde and fulfills the requirements for a Michaelis-Menten complex; 
DPNH bound to the enzyme in this complex is essential for the enzymatic 
activity. The complex reacts with acetaldehyde and formaldehyde in a 
second order fashion at velocity constants (ks) of ~10° and 1.3108M—! 
Xsec.—! respectively at pH 7.0. By means of the rapid flow method, the 
speed of combination of DPNH with ADH is measured and the reaction 
velocity constant (k,) is computed to be 4X10®°M~! Xsec.—!. The following 
sequence of reactions represents the experimental data on the kinetics of 
the ADH-DPNH complex, as well as the data on the over-all enzymatic 
activity at pH 7 and 27°C. 


ki = 4X 10° M~ X sec.“! 











ADH + DPNH — » ADH-DPNH 
ke = 0.4 sec.“} 
ky = 2.2 X 105 M— X sec 
H+ + ADH-DPNH + acetaldehyde — . X s¢-". ADH-DPN+ 
+ ethanol 
ks = 45 sec 
ADH-DPN* - » ADH + 
~ ks 2 X 10°M— X sec “a 


The excellent agreement of the values of k; and k, measured directly 
from the ADH-DPNH kinetics or calculated indirectly from the over-all 
activity according to this mechanism provides a direct proof of this Michaelis- 
Menten mechanism for the action of a DPN enzyme. Similarities exist in the 
action of the DPN and the hemoprotein enzymes: both rapidly react in a 
bimolecular fashion with a donor molecule. The difference lies in the slow 
dissociation of the ‘oxidized substrate molecule’”’ (DPN) from the enzyme. 

Several aspects of DPN enzyme kinetics are clarified: the dissociation 
constant for DPNH binding (2/k:) is not equal to the Michaelis constant 
which is actually k3/k,: it is the velocity of dissociation of DPN from ADH 
that limits the activity towards DPNH and aldehyde. The velocity of dis- 
sociation of DPNH from ADH limits the activity towards DPN and 
alcohol. Thus identical turnover numbers would be expected even though 
different alcohols react at different speeds (see p. 714). The Michaelis con- 
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stants for aldehyde and alcohol do not prove the binding of aldehyde or 
alcohol to ADH. A highly active DPNH enzyme would be expected to have 
a low affinity for DPN and vice versa. 

Velick and his co-workers (199) have made considerable advances in 
the study of glyceraldehyde-3-phosphate dehydrogenase. This enzyme is 
obtained from rabbit muscle after several recrystallizations as an enzyme- 
(DPN): complex from which the DPN is not readily removed by dialysis 
but is removable by competitive adsorption with Norit. Binding of DPN 
by the Norit-treated enzyme has been studied by ultracentrifugal separation 
of the bound and unbound DPN. There are three DPN-binding sites and the 
specific activity of the enzyme under conditions comparable to those of the 
binding studies is proportional to the degree of saturation of three binding 
sites with DPN. There is evidence that the availability of the third binding 
site is determined by thermal activation as well as by Norit treatment in 
the cold. The dissociation constants of the Norit-treated enzyme with DPN 
and with the aldehyde are about 10-*M. The corresponding values of K,, are 
both greater than 10-'M and would not be expected to agree with the values 
of the dissociation constants according to the mechanism for ADH proposed 
by Theorell & Chance (198). Study of DPNH binding by these enzymes 
by the ultracentrifugal method is inconclusive because both enzymes 
catalyze, presumably by a side reaction, the destruction of DPNH. This 
destruction is inhibited by DPN. Simultaneous binding of DPN and the 
glyceraldehyde by the ultracentrifugal method is similarly inconclusive 
because oxidation of the aldehyde occurs slowly even in the absence of 
inorganic arsenate or phosphate ions. 

Both enzymes are reversibly inhibited by PCMB. The yeast enzyme 
combines stoichiometrically with two equivalents of the reagent in ultra- 
centrifugal binding studies, in which form it is completely inactive and may 
be crystallized. Reactivation occurs upon addition of an excess of cysteine. 

Olson & Anfinsen (172) have studied the reaction kinetics of crystalline 
glutamic dehydrogenase: 


L-glutamate- + DPN*+ + H.O@ DPNH + H* + a-ketoglutarate~- + NH,*. 


The values of K, for DPN*+ and DPNH are about the same (10-*M), as 
are those for glutamate and a-ketoglutarate (10-M). The turnover num- 
bers of DPN and DPNH are different, values of 290 and 3000 min.~! 
respectively are found. The equilibrium constant for the above reaction 
is 1.4X10—" at 0°C. (neglecting the concentration of water). The activity 
is 50 per cent inhibited by 10-*M PCMB, and many other tests indicate the 
presence of SH groups. On the other hand, no shift of the spectrum of 
DPNH is caused by addition of glutamic dehydrogenase under conditions 
similar to those used by Theorell & Chance. 


FLAVOPROTEINS 


Xanthine oxidase: Inhibitors Inhibitory effects of folic acid and related 
compounds on xanthine oxidase activity have previously been observed both 
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in vitro and in vivo. There is some evidence that inhibition by folic acid is 
due to an impurity. Williams (200) observed that folic acid and aminopterin 
in concentrations of 6.7 and 670 wg. per ml., had similar effects in inhibiting 
the xanthine oxidase activity and the endogenous respiration of liver 
homogenates. About 50 per cent of the endogenous respiration seemed to 
be due to xanthine oxidase activity, as previously observed by Westerfeld 
et al. (201). When either of the above inhibitors was added to the rat liver 
homogenates (5 to 15 ug. per ml.) (202), there was first an inhibition, then a 
stimulation of oxygen uptake over that of the control, but the total oxygen 
uptake in the presence of the inhibitor did not exceed that of the control. 

On the other hand, Fattenpaker & Sreenivason (203) report a slight 
stimulation of milk xanthine oxidase by aldehyde-free folic acid in concen- 
trations of 0.6 to 3 wg per ml., the activation being observed only in the 
presence of catalase. Enormous quantities of folic acid were required for 
inhibition (1.5 gm.). 

A number of flavonoids were observed to inhibit xanthine oxidase ac- 
tivity (204), those with a chalcone structure producing 100 per cent inhibi- 
tion in a concentration of 0.001 mg. per 100 ml. 

The inhibition of milk xanthine oxidase by relatively high concentrations 
of borate (205) may be due to a reversible reaction of the borate with the 
ribose part of the enzyme, since the inhibition is reversed by several sugars 
and sugar alcohols. 

Furacin and certain other nitrofurans, which seem to inhibit xanthine 
oxidase, can be reduced by the enzyme system (206). With furacin, the 
decrease in oxygen uptake cannot be accounted for solely by reduction of the 
nitro group. 

Xanthine oxidase: Assay.—The considerable endogenous oxygen uptake 
of a freshly prepared liver homogenate, because of the oxidation of purines 
and other substrates, makes a large and indefinite ‘‘blank” for the mano- 
metric determination of xanthine oxidase activity. Van Meter & Oleson (207) 
suggest the addition of a powerful inhibitor of xanthine oxidase to the blank 
flask to prevent oxygen uptake due to the oxidation of endogenous purines. 

Xanthine oxidase: Dietary factors —Westerfeld & Richert (208) found 
that the xanthine oxidase activity of rat liver and intestine was influenced 
by the dietary intake of protein and a factor in the water-insoluble fraction 
of liver. The level of liver xanthine oxidase was controlled primarily by the 
protein content of the diet, while the changes in activity in the intestine 
could be used as the basis of a bioassay procedure for the liver factor (209). 
The liver factor had no effect on xanthine dehydrogenase activity in the 
chicken (210). 

Xanthine oxidase, which remains in the supernatant fraction when liver 
homogenates are subjected to high-speed centrifugation (211), is removed 
rapidly from the liver of animals on a low protein diet; liver esterase is 
chiefly associated with cytoplasmic particles and is depleted at a slower rate 
than xanthine oxidase by a low protein diet. 

Xanthine oxidase: Relationship between dehydrogenase and oxidase activi- 
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ties.—Richert & Westerfeld (212) investigated the relationship of dehydro- 
genase and oxidase activities of xanthine oxidase in different species. It was 
found that the enzyme in bird tissues differed from that of mammalian 
tissues in that the former is fundamentally a dehydrogenase, being nearly 
devoid of autooxidizable characteristics. The dehydrogenase activity of 
mammalian xanthine oxidase was unaffected by antabuse or by heat 
treatment, although the aerobic activity varied under these conditions. The 
dehydrogenase activity of the chicken liver enzyme was demonstrated by 
measuring uric acid formation and oxygen consumption in the presence and 
absence of methylene blue (210). The purified chicken liver enzyme will 
react with cytochrome-c (213). 

Amino Acid Oxidases: Singer & Kearney (214) purified the L-amino 
acid oxidase of viper venom and found it to have a maximum of Qo, of 
67,360 at 38°C. and a turnover number equal to 3100 per min’. The 
oxygen uptake in oxygen was three times greater than in air. Solutions of the 
enzyme exhibited a spontaneous reversible inactivation (215, 216, 217), 
which was thoroughly investigated. The extent of inactivation was deter- 
mined by pH, but the rate was independent of the protein concentration. 
Inactivation was prevented or reversed by monovalent anions, by riboflavin 
and its analogues, and by substrates or competitive inhibitors, if the proper 
conditions were present. The data indicate that a minor alteration of the 
protein moiety is involved in the inactivation and fit with the assumption 
that the following equilibria may exist: 


E= HR& Ht + R- 


where E is the active form and HR an inactive form of the enzyme, which 
has a new acidic group or one whose pK changes during inactivation. 

The L-amino acid oxidase produced when Neurospora crassa is grown 
in a medium with a limited biotin content has a number of properties in 
common with the enzyme from viper venom (218). 

Burton (219) observed that flavin-adenine dinucleotide (FAD) and 
derivatives, a number of amino acids and the competitive inhibitors L-leucine 
and benzoate protect the apoenzyme of D-amino acid oxidase from thermal 
inactivation. The stabilization was investigated by measurements of the 
kinetics of the reactions. The data indicate that the site of protection by 
benzoate or adenosine monophosphate (AMP) is the same as the site of 
inhibition. Quinine, adenosine, and caffeine seem to inhibit by forming 
complexes with FAD. 

Flavin Nucleotides: Synthesis and assay—Kearney & Englard (220) 
purified an enzyme from an autolysate of brewer’s yeast which catalyzes the 
formation of flavin mononucleotide (FMN) from riboflavin as follows: 


Riboflavin + ATP (or ADP) — FMN + ADP (or AA) 


The name “‘flavokinase’”’ is proposed. 
Acetone powder of pig kidney was found to contain a thermolabile 
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enzyme system catalyzing the synthesis of FAD when ATP and riboflavin 
were added (221). FAD formation was tested in the p-amino acid oxidase 
system. 

Yagi (222) separated riboflavin, FMN, and FAD by the filter paper 
chromotography method of Crammer, then eluted the compounds with hot 
water and measured the concentrations by the lumiflavin fluorescence 
method. 

Other flavoproteins—Kun (223) characterized as a soluble flavoprotein 
an enzyme from rat liver extracts which oxidizes glycolic acid to glyoxylic 
acid. 


OTHER OXIDASES AND DEHYDROGENASES 


This group is composed of enzymes, the chemical nature of which is 
not understood. 

Tabor (224) prepared and investigated highly purified diamine oxidase 
from hog kidney and concluded that the data fit with the mechanism previ- 
ously proposed for the reaction: 


Enzyme 





RCHNH; + H,0 + O; RCHO + H,0; + NH. 


The aldehyde formed could be oxidized by aldehyde oxidase or xanthine 
oxidase. The purified enzyme was described as white or gray; thus it does 
not seem to be a flavoprotein. 

Bruns & Stuttgen (225) observed that copper activated the oxidation of 
histamine by diamine oxidase. 

A method for determining monoamine oxidase activity based on measure- 
ment of the rate of ammonia production was devised by Cotzias & Dole 
(226). The enzyme is inhibited by caffeine and methylene blue (227) and by 
a number of isothiourea derivatives (228). 

Kensler & Langeman (229) found the bulk of choline oxidase activity in 
the mitrochondrial fraction of rat liver homogenates; the enzyme had a 
distribution similar to that of the succinoxidase system. The two systems 
varied independently under some conditions, and they are probably not 
identical. The addition of cytochrome-c increases the choline oxidase activity 
of mitochondria, but not that of the whole homogenate. 

Mann et al. (230) had postulated that hydrogen is transferred from the 
choline oxidase to the cytochrome oxidase system. Williams, Litwack, & 
Elvehjem (231) observed no effect of added cytochrome-c on the rat liver 
enzyme. As DPN had an inhibiting effect, it was concluded that no additional 
cofactors are required for the liver system. 

Williams (232, 233) observed that the Leuconostoc citrovorum factor, 
folic acid, vitamin By, and ascorbic acid, singly and in combination, stimu- 
lated the choline oxidase activity of liver homogenates of rats fed aminop- 
terin. In normal rat liver homogenates, only folic acid and ascorbic acid 
showed this stimulating effect. 

Choline oxidase in washed liver homogenates loses its activity rapidly 
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(234), and cystine and semicarbazide increase the rate of inactivation. It 
is inhibited both in vivo and in vitro by ethionine (235); the in vitro inhibition 
can be prevented by previous dialysis of the homogenates. 

Carpenter (236) studied an enzyme in horse liver which catalyzes the 
oxidation of aldehydes, but not of xanthine. A number of aldehydes including 
formaldehyde are effective as substrates. Enzyme activity is stimulated by 
rather high concentrations of ammonium ion (0.5M). Although the enzyme 
preparation had an orange color, there were no pronounced peaks in the 
absorption spectrum from 200 to 500 my, other than the protein band at 
275 mu. 

The preparation of a soluble pyruvic acid oxidase from pigeon liver was 
described (237), and the enzyme requires cocarboxylase and Mg** ions 
for maximum activity. 

An enzyme isolated from extracts of Pseudomonas adapted to anthranilic 
acid or tryptophan (238) catalyzes the oxidative breakdown of pyrocatechol. 
The end product of the oxidation is most likely cic-cis muconic acid. 

Glucose dehydrogenase was extracted from mycelia of Aspergillus 
oryzae (239). The dehydrogenation of glucose was shown to take place 
without the participation of phosphate. 

The existence of a B-hydroxy butyric acid dehydrogenase was observed 
in a strain of anaerobic bacteria (240). Butyric and acetic acids were the 
end products of the reaction, and acetoacetic acid seemed to be an inter- 
mediate. No mention is made of the need for DPN in this enzyme system. 
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hydrophobic gels, 536- 

37 


ion-exchange resins, 

537- 
kieselguhr, 535-36 
silica gel, 534-35 
starch, 534-35 

of corticosteroids, 527-28 

of cytochrome-c, 539 

enzyme separation by, 23, 

68 


fatty acid separation by, 
111-113 
fructosan separation by, 
93 
gas-liquid, 540-41 
insulin structural studies 
and, 196-97, 621-25 
isomeric nucleotide sep- 
aration by, 219 
of lysozyme, 540 
paper, 523-32 
apparatus and tech- 
niques of, 524-26 
quantitative, 530-32 
solvents for, 526-28 
partition, theory of, 521- 
23 
of penicillins, 535 
peptide separation by, 20 
of proteins, 184-85, 528- 
30, 536 
radioautography and, 525 
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of ribonuclease, 43, 536, 


steroid estimation by, 
153-54 

of sterols, 537 

sugar separation by, 82, 
86 


terpene separation by, 


of trypsin, 529 
vitamin D determination 


action on insulin, 196 
effect of pressure on, 13- 
14 
inhibition of, 6-8, 17, 
ultraviolet, 5 
kinetic studies on, 17-18 
—— synthesis by, 18- 


Chymotrypsinogen 


denaturation of, 194 
properties of, 4 


Cinchonamine, chemistry 


of, 511-13 


Citrate 


condensing enzyme and, 
58 


from fatty acids, 287 
formation of, 280 


Citric acid 


asymetric carbon!4, syn- 
thesis of, 571-72 

condensing enzyme and, 
565-66 

enzymatic synthesis of, 
672 


Citric acid cycle, 564-74 


carboxyl oxidations in, 
569 
citric acid formation in, 
565-66 
inhibition of 
by fluoroacetate, 572- 
73 


by thyroxine, 594 
phosphate bond generation 
in, 577 
see also Tricarboxylic 
acid cycle 


Citrovorum factor 


ascorbic acid and, 533- 
45 
choline synthesis and, 661 
distribution of, 635-36 
enzymatic synthesis of, 
635-36 
from folic acid, inhibition 
of, 641-44 
formation of 
inhibition by auromycin, 
638-39 
vitamin Biz and, 639-41 
metabolism of one-carbon 
intermediates and, 
655-65 





structure of, 634 
synthetic and natural, 634 
acid on, 634-35 
Citrulline 
enzymatic synthesis of, 
59-60 
synthesis of, biotin in, 
675 
urea formation from, 305 
Clostridium Kluyveri 
fatty acid synthesis by, 
274-75, 279, 292 
Cobalamine 
effect on urea formation, 
306 
methyl group reactions 
and, 310 


studies on, 370 
Cobalt 
on intestinal synthesis of 
vitamin By2, 654-55 
metabolism of, 372-73 
Cocarboxylase, synthesis 
, 65 
Codeine 
metabolism of labeled, 
507 
structure of, 505-06 
Coenzyme A 
active group of, 565 
acyl compounds of, 672- 
74 
determination of, 60 
enzymatic assay for, 674 
fatty acids synthesis and, 
279-80 
in hippuric acid synthesis, 
09 


isolation of, 666-67 
in oxidation of keto - 
glutarate, 573-74 
mechanism of action of, 
669-74 
pantethine and, 668-69 
in pyruvate-formate ex- 
change reaction, 575 
pyruvate metabolism and, 
287-88 
structure of, 666-69 
Coenzymes, 60-61 
metabolism of, 588-91 
Colchicine 
on mitosis, 412 
structure of, 493-95 
synthesis of, 493-94 
Collagen 
interaction of, 191-92 
Collagenase, properties of, 
2 


Comparative biochemistry, 
4 2 


adaptation and, 459-64 


Compound E, from cortisone, 
143 


Compound F 

















isolation of, 137-40 
see also 17-hydroxycorti- 
costerone 
Compound §, synthesis of, 
143-44 
Condensing enzyme, 565-66 
crystallization of, 565 
of tricarboxylic acid cycle, 
58 
Contractin, formation of, 393- 
94 


Copper 
enzymes containing, 687- 
710 
metabolism of, 373 
Cordycepin 
isolation of, 438-39 
structure of, 438-39 
Cortical steroids, metabo- 
lism of, 163-64 
Corticosteroids, chroma- 
tography of, 527-28 
Cortisone 
excretion of, 169 
isolation of, 137-40 
metabolism of, 164 
preparation of, 137-40 
synthesis of, 147 
total synthesis of, 142 
Corynantheine 
reactions of, 510-11 
structure of, 510-11 
Corynanthine, structure of, 
509-10 
Creatine 
histidine from 392 
synthesis of, 311-12 
Creatinephosphokinase, 49 
Cryptolepine alkaloid, 514-15 
Cyanide, reaction with di- 
phosphopyridine nu- 
cleotide, 588 
Cyanocobalamin, 645-55 
see also Vitamin Bio 
Cyclophorase 
fatty acid oxidation and, 288 
transamination by, 304 
Cystathionase, preparation 
of, 312 
Cystathionine, labile methyl 
group synthesis and, 
662-65 
Cystine 
excretion of, 313 
incorporation studies and, 


from methionine, 312 
Cystinuria, blood amino acid 
level in, 313 
Cytidine 
glycosidic structure of, 216 
phosphorylation of, 48 
structure of, 217 
Cytidylic acid, isomers of, 
220 


Cytochrome-a, properties of, 
705 
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Cytochrome-ag, properties 
f 


ol, 


Cytochrome-c 


assay for, 702-4 
chromatography of, 539 
isolation of, 184 
in mitochondria, 704 
peptic digestion of, 9-10 
preparation of, 704-6 
properties of, 702-4 
proteolytic enzymes on, 
196 


structure of, 702 
Cytochrome oxidase 

activity of, 705-6 

assay for, 703 

preparation of, 705-6 
Cytochrome system, 702-10 

mechanisms for, 706-10 
Cytosine, infrared spectra 

of, 210 


D 


Deamination, of amino acids, 
302 
Decarboxylation, catalysis of, 
by metals, 585-86 
14-Dehydroergosterol, iso- 
lation of, 136 
Dehydrogenases 
alcohol, 557-58 
action of, 713-16 
inhibition of, 714 
diphosphopyridine nucleo- 
tide linked, 712-16 
purification of, 712-16 
formic, action of, 712 
glucose, 559, 720 
glyceraldehyde -3 -phos - 
phate, 716 
glyceraldehyde phosphate, 
sulfhydryl in, 570 
8-hydroxybutyric acid, 720 
isocitric, 391, 573 
succinic, 703-4 
triosephosphate, 391, 556- 
57 


D-glyceraldehyde inhi- 
bition of, 557 
in myogen A, 391 
triphosphopyridine nucleo- 
tide liked, 712-16 
purification of, 712-16 
Denaturation, of proteins, 
193-95 
Dental caries, mutrition and, 
374 


Desoxycholic acid 
cortisone preparation from, 
137-40 
oxidation studies on, 136 
Desoxycorticosterone, enzy- 
matic conversion of, 
160-61 
Desoxypentosenucleic acids, 
232-38 
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composition of, 233 
enzymatic degradation of, 
232-34, 238 
infrared spectra of, 237- 
38 
isolation of, 232-33 
molecular weight of, 235 
streaming birefringence 
of, 236-37 
structure of, 233-35 
titration of, 236 
viscosity of, 236 
x-ray studies of, 238 
Desoxypentosenucleosides, 
structure of, 217 
Desoxyribonuclease 
action of, 234-35 
determination of, 44 
oligonucleotides formed 


pancreatic, inhibitors of, 
44 


pH optima of, 44 
Desoxyribonucleic acid, of 
liver, azo dye carcino- 
genesis on, 415 
Desoxyribonucleoproteins, 





tase activity of, 45-46 
Desoxyribose phosphate 
aldolase, isolation of, 
561 
Desoxyribose -1-phosphate, 
thymidine formation 
from, 563 
Desoxyribose -5-phosphate, 
synthesis and break- 
down of, 562-63 
Desoxy sugars, preparation 
85 


Desulfhydrase, activity of, 
1 


Dextrar, enzymatic formation 
of, 91 

Dextrans, as blood extenders, 
91 


Dextrin 
dextran from, 550 
enzymatic synthesis of, 90 
Diabetes, insulin action in, 
591-94 
Diamine oxidase, preparation 
of, 719 
Dibenzanthracene, carcino- 
genicity of, 413 
Diet, effect on xanthine oxi- 
dase, 717 
Diethylstilbesterol, determi - 
nation of, 157 
Diets 
antibiotics in, 450 
digestibility of, 357, 367 
recommended allowances, 
356-57 
survey of, 356-57 
Dihydrolysergic acid 
structure of, 498-99 
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synthesis of, 497-98 
Dihydrostreptomycin, 434-35 
Dimethylbenzanthracene, 

carcinogenicity of, 
413-14 
Dinitrofluorobenzene 
amino acids in insulin and, 
621-25 
end group analysis by, 12 
Dinitrophenol, in phospho- 
rylations, 578 
Diphosphoglyceric acid, phos- 
phatase and, 46-47 
Diphosphopyridine nucleo- 
tidase, 54 
Diphosphopyridine nucleotide 
in coupled phosphorylation, 
577-78 
dehydrogenases linked by, 
712-16 
alcohol, 713-16 
retinene reductase, 713 
estrogen metabolism and, 
166 

metabolism of, 588-90 

photochemical reduction of, 

carbon dioxide fixa- 
tion and, 586-87 

preparation of, 710 

reaction with cyanide, 588 

reactions of, 710-11 

triosephosphate dehydro- 

genase binding of, 556- 
57 

Dromoran, analgesic action 
of, 5 

Dystrophy, muscular, vita- 
min E and, 345-46 


E 


Eggwhite proteins, antitryp 
tic activity of, 361 

Elaidic acid, synthesis of, 
110 


Electrophoresis, in protein 
studies, 185-86 
Elinin 
from erythrocytes, 124 
Rh factor and, 124 
Embryonic muscle, myosin 
in, 400 
Energy 
expenditure of, 355-57 
effect of age on, 357-58 
measurement of, 357-58 
requirements for, 355-57 
Enolase, 54 , 
Enzymes 
adaptations of, in animals, 
460 


adenosinetriphosphatase, 
44-46 

aldolase, 53 

amidases, 29-30 

amide transferases, 30-31 

amino acid decarboxylases, 
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33-35 

arginase, 53-54 

biological oxidations, 687- 
726 

of brain-cell nuclei, 63 

carbohydrate, 97-100 

carbonic anhydrase, 31 

carboxylases, 31-35 

carboxypeptidase, 14-15 

catalases, 689-95 

chromatographic separation 
of, 529, 534, 536 

chymotrypsinogen, 4 

collagenase, 2 

condensing, 565-66 

for conversion of pyruvate 
to 2 carbon units, 279- 
80 

copper containing, 687-710 

cytochemical studies on, 
63-65 

cytochrome system, 702- 
10 


dehydropeptidases, 15 

diphosphoadenosinetriphos - 
phatases, 46 

esterases, 35 

ethyl phosphatase, 46 

of fat metabolism, 263 

glucokinase, 49 

of glucosidic bond synthe- 
sis and breakdown, 
547-53 

8-glucuronidase, 35-37 

of glutamine synthesis, 54- 
55 


for glutathione, 3 

of glycolysis and fermenta- 
tion, 56-58, 553-59 

histochemistry and, 65-67 

hormone action on, 591 

inactivation of, stabilizing 
factors against, 5-6 

inhibition of, 191 

inhibitors of, 61-63 

natural, 7-8, 16 
synthetic, 6-7, 17 

iron containing, 687-710 

isomerases, 37-38 

lipases, 33-39 

malic, 581-84 

methods for, 67-68 

of muscle, 388-93 

nonoxidative, nonproteolyt- 
ic, 29-78 

nucleic acid structure and, 
228-31 

of nucleotide formation, 49 

for oxidation of fatty acids, 
288 

in pathology, 68-69 

peptidases, 3, 16-17 

peroxidase, 695-701 

phosphatases, 39-48 

phosphoprotein, 47 

phosphotransferases, 48-49 

photochemical inactivation 





of, 189 
of pituitary extracts, 2-3 
polyphosphatases, 47 
proteolytic, 1-28 
action of, 8-17 
activation of, 2-8 
assay of, 22-23 
cathepsin, 2-3 
clinical application of, 
23-24 
effect of pressure on, 
13-14 
hypertensive principle 
and, 24 
inactivation of, 2-8 
insulin hydrolysis by, 10 
kinetics of, 17-18 
papain, 12 
pepsin activity, 9-12 
precursors of, 24 
prevention of fatty livers 


species differences of, 
24 
specificity of, 8-12 
synthesis by, 18-22 
pyrophosphatases, 47 
of pyruvate oxidation, 566- 
68 
rennin, 15-16 
ribonuclease, 42-44 
of steroid metabolism, 160- 
61 
of sulfur metabolism, 49- 
51 


transaminases, 51-53 
of tricarboxylic acid cycle, 
58-59 
in tryptophan metabolism, 
315-16 
of urea cycle, 59-60 
see also Coenzymes; and 
specific enzymes 
Epiandrosterone, total syn- 
thesis of, 147-50 
Epinephrine, and hypergly- 
cemic-glycogenolytic 
factor, 591 
Epoxides, of carotenoids, 
478-80 
structures of, 474-76 
vitamin A activity of, 480 
Equilenin, separation of, 154 
Equilin, separation of, 154 
Ergocristine, structure of, 
497-98 
Ergot alkaloids, 495-99 
hydrolysis of, 497 
structure of, 495-96 
synthesis of, 497-98 
Ergotamine, structure of, 499 
Erythrina alkaloids, 499-503 
8-Erythroidine, structure of, 
500-1, 503 
Esterases 
kinetics of, 35 
of serum, 35 











Estradiol, separation of, 154 
Estrogens, 146 
labeled, 166 
metabolism of, 166 
separation of, 154 
Estrone 
reactions of, 133 
separation of, 154 
synthesis of, 151-53 
Ethionine 
fatty livers and, 255 
metabolism of, 312 
Ethyl phosphatase, properties 
of, 46 


Fats 
absorption of 
bile salts on, 248 
choline and, 249 
vitamin A and, 248 
antioxidant action on, 367 
in blood, 250-55 
adrenocorticotrophin 
and, 251 
in blood vessels, 259-60 
carbohydrate conversion 
to, 273-74 
conversion to carbohydrate, 
292-96 
deposition of, 257-58 
sex differences in, 258 
thiamine and, 257 
digestibility of, 367 
emulsification of, 247-49, 
252 


fecal, origin of, 248 
glucose conversion to, 
intermediates in, 276- 
78 
as growth factors, 367 
hydrolysis of, 246-47 
intestinal absorption of, 
246-55 
phospholipids and, 247 
intravenous injection of, 
251-52 
in liver, 255-57 
metabolism of, 245-72 
cellular phase of, 249 
distributive phase of, 
249-50 
enzymes for, 263 
hormones and, 283-86 
lipotropic action and, 
255-56 
in tumors, 419-20 
in nervous system, 258-59 
nutritive value of, 246 
oxidation of, 262-63 
ketone formation and, 
263 
in liver mitochondria, 
262-63 
peroxides of, 246 
synthesis of 
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diet and, 281 

glycerol and, 285 

insulin and, 283-85 

by intestinal mucosa, 
249 

in mammary gland, 282- 
83 


pancreatic hormone and, 
285-86 
regulation of, 280-83 
see also Lipids 
Fatty acids, 109-17 
absorption of 
in blood stream, 250 
lymphatic, 249 
acetate as precursor of, 
274-76, 278-79 
acetyl coenzyme A from, 
569 


activation of, 673 
antibacterial action of, 113 
biosynthesis of, 260-61 
insulin effect on, 262 
branched chain, 113-17 
properties of, 116-17 
synthesis of, 115 
of tubercle bacillus, 113- 
15 
conversion to glycogen, 
293 


deficiency of, 245-26 

essential, 245, 348-49 

ketone body formation from, 
292 

lactate conversion to, 276- 


a-lipoic acid, 109 
oxidation of 
to acetoacetate, 287 
to citrate, 287 
cyclophorase and, 288 
properties of, 110-11 
pyruvate conversion to, 
276-79 
separation of, 111-13 
by chromatography, 111- 
13 


countercurrent method 
for, 111 
displacement analysis 
for, 112-13 
straight-chain, 109-13 
synthesis of, 110 
acetyl coenzyme A and, 
279 


insulin and, 286, 592-93 
two-carbon units in, 279- 
80 
unsaturated 
absorption of, 250 
diet and, 245-46 
Fermentation, 56-58 
heterolactic, 563-64 
Ferrihemoglobin, enzyme 
kinetic studies and, 
687-89 
Ferrimyglobin, enzyme kine- 
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tic studies and, 687- 
89 
Ferrocytochrome-c, per- 
oxidase oxidation of, 
699-701 
Fibrinogen 
molecular weight of, 187 
polymerization of, 191 
Flavine adenine dinucleotide, 
enzymatic synthesis 


Flavine mononucleotide, en- 
zymatic synthesis of, 
60 


Flavokinase 
isolation of, 590 
preparation of, 718 
Flavoproteins, 716-19 
amino acid oxidases, 718 
xanthine oxidase, 716-18 
Fluorine, dental caries and, 


Fluoroacetate, citric acid 
cycle inhibition by, 
58, 571-73 
Folic acid 
lipotropic action of, 256 
methionine synthesis and, 
311 
on xanthine oxidase, 716- 
17 
Folinic acid, see Citrovorum 
factor 
Food, composition tables of, 
358 


Food intake 
control of hunger and, hypo- 
thalamic, 356-57 
overweight and, 356 
recommended allowances 
and, 356-57 
surveys of, 356-57 
Formate 
from histidine, 665 
labile methyl group syn- 
thesis and, 660 
metabolism of, 655-65 
folic acid and, 655-56 
from pyruvic acid, 575 
from tryptophan, 665 
Fradicin, 436 
Frequentic acid, antibiotic 
activity of, 441 
Fructokinase, of liver, 554 
Fructose 
conversion to glucose, 554- 
56 


phosphorylation of, 48 
Fruits, carotenoids of, 484- 
86 
Fucoidin, structure of, 96 
Fucosterol, structure of, 136 
Fumagillin, antibiotic activi- 
ty of, 441-42 
Fumarase 
crystallization of, 54 
preparation of, 574 
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Fungicidin, 436 
G 


Galactose, polysaccharides 
of, 91 
Galactose-1-phosphate, con- 
version to glucose-1- 
phosphate, 555 
8-Galactosidase, action of, 
552-53 
Galactozymase, 54 
Genetics, carotenoid biosyn- 
thesis and, 483-84 
Gliorosein, antibiotic activi- 
ty of, 442 
Globulin X, of muscle, 395 
Glucokinase, 49 
D-Glucosamine, phosphoryla- 
tion of, 553 
Glucosaminidase, 54 
Glucose 
amino acid binding by, 180 
conversion to fat, interme- 
diates in, 276-78 
dehydrogenase, 559, 720 
fatty acid synthesis and, 
275-76 
fructose conversion to, 37, 
554-56 
galactose conversion to, 
37-38 
heterolactic fermentation 
of, 563-64 
in inulin, 87 
metabolism of, pituitary 
hormones on, 593-94 
oxidation of, 559 
in bacteria, 560 
Glucose -1-phosphate 
from galactose-1-phos - 
phate, 555, 590-91 
polysaccharide formation 
and, 54 
Glucose-6-phosphate, from 
ribose -5-phosphate, 
561 
Glucosidases, for amylose 
and amylopectin, 98-99 
Glucosidic bonds, synthesis 
and breakdown of, 547- 
53 


phosphorylase and, 547-49 
B-Glucuronidase, 35-37 
determination of, 37 
inhibition of, 36 
intracellular activity of, 
36 
intracellular localization 
of, 67 
preparation of, 36-37 
steroid conjugates and, 
155-56 
steroid hormones and, 37 
Glutamic acid 
in brain, 301 
decarboxylases for, 34 
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determination of, 182-83 
metabolism of, 314 
Glutamine 

amide transferase of, 30- 
31 

deamidation of, 29 

enzymatic synthesis of, 54- 
55 


synthesis of 


and, 307 
in bacteria, 307 
in brain, 307 
Glutathione 
enzyme for, 3 
nitroprusside test for, 182 
synthesis of, 55, 308-9 
D-Glyceraldehyde, triose- 
phosphate dehydrogen- 
ase inhibition by, 557 
Glyceraldehyde-3-phosphate, 
dehydrogenase, 570, 
716 
Giycerol, fat synthesis and, 
285 








Glycine 
conjugates of, 309 
incorporation studies of, 
317-18 
incorporation into tumor 
tissues of, 320 
metabolism of, 310-11 
serine from 
formate and, 661 
vitamin By2 and, 661 
Glycogen 
in adipose tissue, 257 
formation of, 277-78 
from fatty acids, 293 
preparation of, 88 
propionic acid conversion 
to, 277 
pyruvate conversion to, 
279 


structure of, 88 
synthesis of, 286, 550 
anterior pituitary hor- 
mones on, 593-94 
vitamin E and, 346 
Glycogenesis, growth hor - 
mone and, 606-7 
Glycolic acid 
enzymatic oxidation of, 719 
oxidation of, in plants, 294- 
95 
oxidation to glyoxylic acid, 
576 


Glygolysis, 56-58, 553-59 
fatty acid synthesis and, 
276 


inhibition of, 57, 62 
tumors and, 417, 422 
Glycosides, 83-84 
synthesis of, 84 
transglycosidation and, 84- 
85 


Glycosuria, growth hormone 





and, 606 
Glyoxalase, 55 
isolation of, 570 
Gonadotrophic hormone 
carbohydrate in, 604-5 
preparation of, 604 
purity of, 604 
Gramicidin, 443 
Grisein, 436 
Griseofulvin, antibiotic acti- 
vity of, 441 
Growth 
antibiotics effect on, 370, 
450 
factors, fats as, 367 
studies on, 373-74 
thermochemical efficiency 
of, 358 
Growth hormone, 605-7 
glucose metabolism and, 
593-94 
tumor induction by, 415- 
16 


see also Somatotrophin 
Growth inhibitors, from 
higher plants, 444 
Guanine 
disassociation constants 
of, 213-15 
tautomers of, 212 
Guanosine 
infrared spectra of, 218 
structure of, 217-18 
Guanylic acid, isomers of, 
220 


H 


Heart, muscle of, 400-1 
Hecogenin, cortisone prepa- 
ration from, 140 
Hemicelluloses 
distribution of, 93 
structure of, 93-94 
Hemoglobin 
comparative biochemistry 
of, 4 
electrophoretic studies 
on, 185-86 
x-ray diffraction pattern 
of, 188 
Heparin 
blood fats and, 251 
lipoprotein complex, 251 
lipoprotein distribution 
and, 260 
structure of, 96-97 
Hexokinase 
of brain, 48, 553 
inhibition of, 62 
of muscle, 389-90 
inhibition, 389 
of tumors, 48-49, 553-54 
Hexoses, oxidation of, 559- 
61 
Hippuric acid, synthesis of, 
309 














Histidine 
from creatine, 392 
formate from 665 
metabolism of, 314-15 
Histochemistry, enzymatic, 
65-67 
Hodgkin’s disease, virus in- 
duction of, 424 
Hormones 
anterior pituitary, 603-13 
adrenocorticotrophic, 
607-13 


antidiuretic, 618 

of carbohydrate metabo- 
lism, 283-86, 591-94 

carcinogenesis and, 415- 
16 


fat metabolism and, 283- 
86 


nonsteroid, chemistry of, 
603-32 

posterior pituitary, 613- 
18 


oxytocin, 613-16 
vasopressin, 616-18 
see also specific hormones 
Hyaluronic acid, structure 
of, 96-97 
Hyaluronidase 
inhibition of, 63 
pathological significance 
of, 69 


Hydrogen bonds, of purines 
and pyrimidines, 213 
Hydrogen peroxide, oxida- 
of, enzymatic, 690- 
701 
8-Hydroxy butyric acid, de- 
hydrogenase, 720 
17-Hydroxycorticosterone 
biosynthesis of, 159 
excretion of, 169 
production of, 161-62 
synthesis of, 142 
Hydroxystreptomycin, 434- 
35 


Hyperglycemic-glycogeno- 
lytic factor 
action on phosphorylase, 
591 
epinephrine and, 591 
Hypothalamus, control of 
hunger by, 356, 366 
Hypoxanthine, synthesis of, 
657-58 


I 
Indole group alkaloids, 507- 
9 


Inosine, phosphorylase, 562 

Inositol, lipotropic action 
of, 255-56 

Insects 

bioluminescence in, 470 
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blood coagulation in, 469 
Insulin 

adipose tissue glycogen 
and, 257 

amino acid sequence in, 
619-25 

bioassay for, 626 

chemical reactions of, 192 

chymotrypsin on, 196 

conversion of carbohydrate 
to fat and, 283-86 

countercurrent studies on, 
185 

essential groups of, 625-26 

fatty acid synthesis and, 
252, 286, 592-93 

fraction B of, amino acid 
sequence of, 622-25 

hexokinase action and, 
591-93 

molecular weight of, 186 

peptides of, chromato- 
graphic separation 
of, 621-25 

physical studies on, 618- 
21 


proteolysis of, 10 

structural studies on, 
196-97, 621-25 

dinitrofluorobenzene 

method and, 621-24 

trypsin inactivation of, 
625-26 

Intestinal mucosa 

glutathione synthesis in, 
308-9 

lecithin hydrolysis by, 
249 


triglyceride synthesis by, 
249 


Intrinsic factor, 652-54 
anemia and, 652-54 
assay for, 654 
vitamin B,2 binding and, 

652-53 
Inulin, glucose in, 87 
Invertase, of yeast, 99-100 
Invertebrates, muscle of, 
401 

Iodine, goiter and, 373 

Ion exchange resins, in 
chromatography, 
537-39 

protein separation and, 

539- 

Ionophoresis, amino acid 
separation by, 182 

Iron 
enzymes containing, 687- 

71 


metabolism of, 372 
Isocitric dehydrogenases, 
properties of, 573 
Isomerase 
activity of, 37, 390-91 
in conversion of galactose 
to glucose, 37-38 








preparation of, 37 


K 
Keratin, structure of, 198- 
2 


00 
Ketoglutarate, oxidation of, 
573-74 
phosphorylation and, 578-79 
Ketone bodies 
formation of, 261, 289-92 
labeled fatty acid and, 
289-91 
from odd-numbered fatty 
acids, 292 
growth hormone and, 606- 
7 


Ketosis, metabolic inter- 
relationships and, 363- 
65 
3-Ketosteroids 
ethers of, 130 
labeling of, 130 
11-Ketosteroids, synthesis of, 
131-33 
17-Ketosteroids 
conjugated, hydrolysis of, 
155-56 
estimation of, 157 
excretion of, 167-68 
effect of age on, 167-68 
reactions of, 147- 
Kidneys, acetoacetate oxida- 
tion by, 288 
Kidney, vitaminA in, 335-36, 


338 
Kwashiorkor, studies on, 374 
Kynurenine 
anthranilic acid from, 
316-17 
from tryptophan, 315-17 


L 


Lactic acid 
conversion to fatty acids, 
276 -77 
from methylglyoxal, gly- 
oxalase and, 570 
8-Lactoglobulin 
denaturation of, 194 
x-ray diffraction studies 
on, 188 
Laminarin, structure of, 95 
Lard factor, 337 
vitamin A activity of, 337 
xerophthalmia and, 337 
Lecithin 
hydrolysis of, by intestinal 
mucosa, 249 
isolation of, 119-20 
serodiagnosis of syphilis 
and, 121 
synthesis of, 119-21 
Leucine 
acetoacetate from, 314 
carotenoid production and, 
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487 
Leucovorin 
from citrovorum factor, 
634-35 
effect on pteroylglutamic 
acid analogues, 642 
Leukemia, pteroylglutamic 
acid analogues on, 
643-44 
Licheniformin 
amino acids in, 443 
antibiotic activity of, 443 
Linoleic acid 
as a dietary essential, 245 
growth and, 348-49 
in milk, 349 
synthesis of, 110 
Linseed oil, polymerization 
of, effect on nutrition 
by, 246 
Lipase 
determination of, 38-39 
in microorganisms, 39 
pancreatic, 38 
kinetics of, 263 
of plants, 39 
serum, 263 
Lipids 
chemistry of, 109-28 
conjugate, 119-23 
metabolism of, carbohy- 
drate relations to, 
273-300 
phospholipids, 119-22 
_ Synthesis of, 109 
stability of, carotenoids 
and, 488-89 
triglycerides, 117-19 
see also Fats; and Fatty 
acids 
a-Lipoic acid 
as a growth factor, 109 
preparation of, 109 
pyruvate oxidation and, 
280 
Lipoproteins, 123-24 
elinin, 124 
of erythrocytes, 124 
molecular weight of, 254 
of serum, 124, 254 
Lipotropic action, 255-56 
Liver 
androgenic steroid metabo- 
lism and, 164-65 
blood cholesterol and, 253- 
54 
cancer of, 414 
catalase synthesis by, 694- 
95 


components of, azo dye 
carcinogenesis on, 
415 
enzymes of, 64-65 
fat synthesis by, 286 
fats in 
deposition of, 255 
isolation of, 255 
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fatty 
induction of, 255 
prevention of, 255 
fatty acids in, oxidation of, 
262-63 
fatty acid synthesis in, 
275, 277, 281 
fructokinase of, 554 
8-glucuronidase activity 
of, 36 
necrosis of, vitamin E 
effect on, 345-46 
oxidation of fatty acids and, 
288 


phospholipid formation in, 
252 


phosphorylase, 547 
proteins of, electrophoretic 
studies on, 186 
transamination in, 304 
vitamin A in, 335-36, 338 
Lung 
cancer of, tobacco smok- 
ing and, 414-15 
lecithin of, 119-20 
Lyocopene 
synthesis of, 473 
of tomatoes, 483-85 
Lymphosarcoma, amino acid 
incorporation into, 


320, 418-19 
Lysergic acid, structure of. 
495-96 


Lysine, incorporation 
studies on, 318-19 
Lysozyme 
chromatography of, 540 
hydrolytic products of, 
196 


ionic detergents on, 191 
separation of, 68 


M 
Magnesium, nutrition and, 
372 


Malease, malic acid synthe- 
sis and, 55 
Malic acid 
decarboxylation of, malic 
enzyme and, 581-84 
production of, from maleic 
acid, 55 
Malic enzyme 
action of, 582-83 
identity of, 581-84 
Malnutrition, studies on, 
373-75 
Maltose, conversion to iso- 
maltose, 550-51 
Mammary glands 
acetate utilization by, 282 
fat synthesis in, 282-83 
Mannose, polysaccharides 
of, 91 


Metals, catalysis of 8-decar- 
boxylation by, 585-86 





Methemoglobin, peroxide 
complexes with, 691- 
92 
Methionine 
biosynthesis of, 663-64 
formate in, 660 
determination of, 182 
fatty livers and, 255 
incorporation studies of, 
318-20 
metabolism of, 311-13 
folic acid and, 311 
methyl group transfer and, 
50-51 
plasma protein turnover 
’ 
requirements for, 360 
transmethylation and, 312 
A-Methopterin, 642, 644 
Methylcholanthrene, carbon- 
14 labeled, studies on, 
413 
Methyl groups, metabolism 
of, 309-10 
vitamin By9 and, 310 
Microorganisms 
acetate metabolism by, 
294-95 
carotenoid synthesis in, 
480-82 
Milk 
albumin from, 183 
clotting of, 15-16 
essential fatty acids in, 
349 
tocopherol in, 347 
vitamin A in, 335 


Minerals 
metabolism of, vitamin D 
and, 369 
nutrition and, 371-73 
Mitochondria 
acid phosphatase of, 64 
adenosinetriphosphatase 
of, 65 


cholinesterases of, 64 
conversion of pyruvate to 
acetoacetate in, 287 
fatty acid oxidation by, 
262- 
myokinase of, 64-65 
species similarities of, 
464 
in tumor tissues, 419 
Mitosis 
colchicine on, 412 
nutritive requirements for, 
365 
Morphine 
metabolism of, 507 
synthesis of, 503-4 
Mucilages, structure of, 94 
Mucopolysaccharides 
of cervical mucus, 97 
structure of, 96-97 


Muscle 
actin, 395-96 











actomyosin, 396-97 
adenosinetriphosphatase 
in, 391-92 
aldolase of, 390 
architecture of, 387-88 
A band in, 387-88 
cardiac, 400-1 
chemistry of, 387-410 
comparative biochemistry 
of, 400-1 
contraction of 
reviews on, 387 
thermodynamic studies 
of, 400 
degeneration of, 402 
dehydrogenases of, 391 
dystrophy of, 402 
vitamin E and, 345-46, 
402 
embryonic, 400 
enzymes of, 388-93 
separation of, 388-89 
globulin X of, 395 
hexokinase of, 389-90 
invertebrate, 401 
ischaemia of, 402 
myoalbumin of, 394-95 
myogens of, 394 
myosins of, 395 
oxygen consumption of, 
vitamin E and, 393 
phosphoglyceromutases in, 
391 


phosphorylase of, prepara- 
tion and properties of, 
389 
Y-protein of, 397 
proteins of 
extractibility of, 393-94 
interactions of, 191 
isolation of, 183 
turnover studies of, 323 
proteolytic activity of, 393 
rigor mortis studies on, 
393-94 
smooth, 400 
sodium and potassium 
transfer in, 388 
triosephosphate isomerase 
of, 390-91 
tropomyosin of, 397 
vertebrate, 401 
Myoalbumin, 394-95 
Myogen A, glycerophosphate 
dehydrogenase in, 391 
Myogens, preparation of, 394 
Myokinase, of mitrochondria, 
64-65 
Myosin 
adenosinetriphosphatase of, 
44-46, 391-92 
antigenic properties of, 
396 


light scatter studies on, 
187 


preparation of, 183, 395 
vitamin Kz and, 45 
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N 
Neomycin, clinical use of, 
436 


Neoplastic tissue, biochem - 
istry of, 411-30 

Nervous system, phospho- 
lipids of, 258-59 

Netropsin, 436 

Neurospora, carotenoids of, 


Neurosporene, isolation of, 
489 
Nitrogen balance, factors 
affecting, 360-62 
Nitrogen mustards 
cancer chemotherapy and, 
422-23 
mutagenic action of, 416 
Nocardamin, structure of, 
436-37 
Nucleases, see Desoxyribo- 
nuclease; and Ribo- 
nuclease 
Nucleic acids, 209-44 
density of, 237-38 
formate in synthesis of, 
657 
glycoside structure in, 83 
metabolism of 
penicillin on, 448-49 
in tumors, 420-22 
molecular weights of, 224 
phosphate linkages in, 225- 
27 


phosphoester groups in, 
228 


preparation of, 223 
ribo, structure of, 222-32 
structure of, 237-38 
ribonuclease and, 228- 
31 
titration curves of, 224-26 
yeast, ribonucleosides of, 


see also Desoxypentose 

nucleic acids; Nucleo- 
sides; Nucleotides; 
Purines; Pyrimidines; 
and Ribonucleic acids 

Nucleohistone, interaction 
with surface agents, 
190 

Nucleoprotein, isolation of, 
232-33 


Nucleosidase, purification of, 
55 


Nucleosides, 216-19 
absorption spectra of, 218 
metabolism of, 561-63 
phosphorylases of, 563 
phosphorylase, ribose from, 

561 
pK values of, 218-19 
structure of, 216-18 

Nucleotidase 

purification of, 41-42 
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in tissues, 41 
5-Nucleotidase, purification 
of, 5 
Nucleotides, 219-22 
analysis of, 223 
from desoxyribonucleic 
acid, 234-35 
enzymatic formation of, 
229 


isomeric 
separation of, 220 
synthesis of, 219-21 
phosphoryl group in, 219- 
20 


pK values for, 218, 221-22 
Nucleotropomyosin, isola- 
tion and properties of, 
397 
Nutrition, 355-86 
carbohydrates and, 363-66 
clinical studies on, 374 
dental caries and, 374 
ketoantiketogenic balance 
and, 363-65 
lipids and, 366-67 
obesity and, 366 
mineral elements and, 371- 
73 
parenteral feeding and, 
366-67 
proteins and amino acids 
and, 359-63 
reproduction and, 374-75 
under, 358-59 
vitamins and, 367-71 
Nutritive requirements, of 
mitogenic activity, 
365 


0] 
Octanoate, metabolism of, 


Oleic acid, synthesis of, 110 
Olive oil, composition of, 117 
One-carbon intermediates, 
water-soluble vitamins 
and, 633-86 
Opium alkaloids, 503-7 
codeine, 505 
dromoran, 504 
morphine, synthesis of, 
Ornithine, metabolism of, 
314 
Orotic acid, nucleic acid in- 
corporation of, 421 
Ovaries, hormone secretion 
Oxaloacetate 
carbon dioxide incorpora- 
tion in, 584-85 





in, 584-85 
carboxylase of, 32-33 
formation of, 33 

inhibitors of, 33 
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Oxidations, biological, 687- 
726 


Oxytocin 
amino acid composition of, 
613-17 
oxidation of, 614 
purification of, 613-16 


P 


Pancreas, lipase of, 38 
Panose, structure of, 97 
Pantethine 
coenzyme A and, 668-69 
synthesis of, bacterial, 
668-69 
Pantothenic acid, 665-75 
analogues of, 674 
coenzyme A and, 666-74 
tissue content of, 674 
vitamin By9 and, 674-75 
Papain 
action of, 12 
determination of, 23 
peptide synthesis by, 20-21 
Pasteur effect 
aerobic phosphorylation 
and, 580-81 
inhibitors of, 580-81 
Pellagra, causation of, 370 
Penicillin 
acquired resistance to, 
444-45 
action of, 448-49 
inhibition of protein syn- 
thesis and, 448 
nucleic acid metabolism 
and, 448-49 
chemotherapy with, 441 
chromatography of, 535 
synthesis of analogues of, 
439-40 
toxicity of, 441 
Pentoses 
determination of, 81 
metabolism of, 561-63 
Pepsin 
action of, 9-12 
autolysis products of, 196 
denaturation of, 194 
effects of pressure on, 13- 
14 
radiation inactivation of, 
4-5 
Pepsitensin, formation of, 24 
Peptidases 
blood level of, 23 
in mushrooms, 3 
of thymus, 3 
Peptides 
from adrenocorticotrophin, 
610-12 
antibiotic, 442-43 
enzymatic synthesis of, 18- 
22 
folding of, 197-200 
oxytocin and, 613-16 
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properties of, 181 
protein synthesis and, 307- 
8 


Ry values for, 181 

structure of, 198-99 

synthesis of, 15, 181 

terminal amino residues 
of, 192 

vasopressin and, 617-18 

Pernicious anemia 

aureomycin treatment of, 

655 


citrovorum factor in, 639- 
41 
Peroxidase, 687 
activity of, 695 
ferrocytochrome-c oxida- 
tion and, 699-701 
heme linkages in, 698-99 
oxidase property of, 700-1 
oxidation of poison ivy 
allergens by, 700 
peroxide complexes of, 
691-92 
nature of, 696-98 
preparation of, 695-96 
toxin inactivation by, 700 
Phenylalanine, metabolism 
of, 315, 564 
Phenylpropionic acid, enzyme 
inhibition by, 7 
Phosphatases 
acid, 41 
alkaline, 39-41 
analysis of, 48 
intracellular localization 
of, 64-67 
nucleotidases, 41-42 
Phosphate bonds, generation 
of, photochemical 
reaction coupling with, 
587 
Phosphates 
inhibitory action of, on en- 
zymes, 7 
nucleotide structure and, 
219-20 
oxaloacetic acid formation 
33 


of starch, 89 

in succinate oxidation, 710 

urea activation by, 30 
Phosphodiesterases, 42-44 
Phosphogl tase, prepa- 





ration of, 390 
phogl te, conver - 
sion to ribose of, 559- 
60 


Dh 
O-F 





Dh h + 


tivity of, 391 
Phospholipids 

acetal, preparation of, 122 
blood level of, 252 
in brain, 420 
fat absorption and, 247 
formation of, 252 
of liver cytoplasm, 255 





, ac- 





synthesis of, 109, 119-21 
in tumors, 420 
Phosphomannose isomerase, 
preparation of, 392- 
93 


Phosphomonoesterases, 39- 
40 

Phosphoprotein phosphatase, 
47 


Phosphoproteins, phospha- 
tases of, 47 
Phosphorus 
absorption of, vitamin D 
and, 344 
nutrition and, 372 
Phosphorylases 
amino acid composition of, 
548 
amylose, 98 
glucosidic bond synthesis 
and, 547-49 
inhibition of, 389 
inosine, 562 
of muscle, 389 
nucleoside, ribose from, 
561 
pyrimidine riboside, 48 
uridine, 561-62 
Phosphorylation 
aerobic, and Pasteur ef- 
fect, 580-81 
coupled, 576-81 
dinitrophenol and, 578 
diphosphopyridine nucleo- 
tide in, 577-78 
electron transfer in, 578 
phosphate acceptors in, 
576-77 
of D-glucosamine, 553 
of hexoses, 553-54 
mechanism of, 578-79 
phosphorus -oxygen ratios 
in, 577, 580 
at substrate level, 578-80 
thyroxine and, 594 





= Y J sacl 
acetoacetate formation 
and, 261 
acetyl phosphate activa- 
tion and, 672 
action of, 568-69 
Phosphotransferases, 48-49 
Photochemistry, of proteins, 
188-89 
Photosynthesis, 82-83 
carotenoids in, 474-75, 
478-79, 488 
radioisotopes in, 82 
sedoheptulose phosphate 
from, 560 
Phthioic acids, isolation of, 
115 
Phytofluene, 481-82 
in wood, 489 
Phytosterols, structures of, 
136 


Picromycin, 437 











Piperidine alkaloids, 517 
Pitressin, water exchange 
and, 463 
Pituitary 
anterior 
hormones of, 603-13 
proteinases of, 602-3 
effect on tumor induction 
of, 415-16 
hormones, effect on glu- 
cose metabolism, 593- 


94 
posterior, hormones of, 
613-18 


proteolytic enzymes of, 2- 
3 
vitamin A deficiency on, 


Placenta, hormone secretion 
by, 162 


structure of, 94 
Plants 

carotenoid pigments of, 
478-79 

fats of, composition of, 
117-18 

glycolic acid oxidation by, 
294-95 


growth inhibitors from, 
444 


tumors of, 416 
Plasma 
adrenocorticotrophin in, 
613 


alkaline phosphatase of, 
69 


proteins 
amino acid incorpora- 
tion into, 318-19 
chromatographic sepa- 
ration of, 184 
metabolism of, 321-23 
methionine and, 322 
Plasmalogens, see Phospho- 
lipids, acetal 
Plasminogen, as protein pre- 
cursor, 24 
Polyenes 
carotenoids and, 474 
snythesis of, 476-77 
Polyfructosans, 91-93 
glucose in, 91-93 
structure of, 92 
Polymyxins, antibiotic acti- 
vi ’ 
Polyphosphatases, 47 
Polysaccharides, 86-97 
algae, 95-96 
bacterial, 96 
formation of, 549-50 
fucoidin, 96 
interconversion of, 550 
mannose containing, 91 
muco, 96-97 
see also Carbohydrates; 
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Cellulose; Glycogen; 
Starch; and specific 
substances 
Poly-ynes, 477 
Porphyrin, formation of, 
673-74 
Potassium 
metabolism of, 373 
muscle metabolism and, 
388 
Praline, metabolism of, 314 
Pregnanediol 
determination of, 154 
excretion of, 169 
Pregnenolone, reactions of, 
134-35 
Progesterone 
derivatives of, synthesis 
of, 144-45 
estimation of, 154 
metabolism of, 165-66 
liver and, 165 
reactions of, 145 
Propionate, formation of, 
576 


Propionic acid, conversion 
to glycogen, 278 
Y-Protein, of muscle, 397 
Proteinases, of anterior 
pituitary gland, 602-3 
Proteins 
amino acid composition 
of, 184, 301 
amino acid incorporation 
into, 317-23 
amino acid sequence in, 
196-97 
biological value of, 359-61 
carcinogenesis and, 413 
chemistry of, 179-208 
chromatography of, 528-30, 
539-40 
denaturation of, 193-95 
éggwhite, antitryptic ac- 
tivity of, 361 
electrophoresis of, 185- 


enzymes for, 1-28 
flavo, 716-19 
interaction of, 191-92 
ion binding by, 189-91 
light scatter and, 186-87 
lipoproteins, 123-24, 254 
of liver, azo dye carcino- 
genesis and, 415 
metabolism of, 301-32 
vitamin E and, 345-46 
of muscle, 392-93 
isolation of, 183 
nitrogen balance and, 360 
nucleo, isolation of, 232- 
33 


nutritive value of, 359-62 
browning reaction on, 


heat on, 362 
peptide chains of, folding 
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of, 197-200 
photochemistry of, 188-89 
physical methods for, 184 
plasma 

amino acid incorpora- 
tion into, 318-19 
metabolism of, 321-23 
preparation of, 183-84 
requirements for, 360 
separation of 
by chromatography, 
184-85 
countercurrent, 185 
serum level of, 362-63 
sparing of, vitamin By9 

and, 650 
structure of, 196-200 
surface film studies on, 

187-88 
synthesis of, 323 

penicillin on, 448 

rates of, 324-26 

theories on, 324 
turnover studies of, 324- 

26 
ultracentrifuge studies on, 

186 


water adsorption by, 191 
x-ray diffraction of, 188 
see also Amino acids; 
Enzymes; and spe- 
cific substances 
Proteolipids, 123-24 
Protogen 
as a growth factor, 568 
pyruvate oxidation and, 
280 


Pteroylglutamic acid 
4-amino analogues of, 
641-44 
leukemia therapy and, 
643-44 
antagonists of, 641-44 
leucovorin effect on, 642 
ascorbic acid and, 633-45 
Purine, desoxyribosides, 
phosphorolysis of, 
563 


Purines, 209-44 
chromophores of, 212 
determination of, chroma- 

tographic, 530, 535, 
537 
synthesis of, 657-59 
citrovorum factor in, 
657-59 
tumor tissue incorpora- 
tion of, 421 
ultraviolet absorption 
spectra of, 212 
Pyridine nucleotides, 710- 
19 


metabolism of, 588-90 
reactions of, 710-11 
Pyridoxal phosphate 
conversion of homocysteine 
to cysteine and, 313 
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transaminations and, 303 
Pyridoxine, fat-deficiency 
syndrome and, 246 
Pyrimidines, 209-44 
bond distances in, 209 
desoxyribosides, phosphor - 
olysis of, 563 
determination of, chroma- 
tographic, 530, 535, 
537 
hydrogen bonding of, 213 
ultraviolet absorption 
spectra of, 210-12 
pK values of, 213-14 
x-ray diffraction of, 209 
Pyrophosphatases, 47 
Pyrrolidine alkaloids, 517 
Pyruvate 
acyloins from, 575-76 
conversion to fatty acids, 
276-79 
formate formation and, 
575 
a-lipoic acid and, 280 
metabolism of, 287 
oxidation factor, 280 
oxidative decarboxylation 
of, 280 
phosphorylation of, 278 
protogen and, 280 
Pyruvic acid 
carboxylase 
acetoin formation and, 32 
inhibitors of, 32 
_ preparation of, 31-32 
enzymatic oxidation of, 
566-68 
from malate, 581-83 
oxidase, preparation of, 
720 


oxidative decarboxylation 
of, 569-70 


Q 


Quadrifidin, antibiotic activ- 
ity of, 439 

Quinamine, chemistry of, 
511-13 


R 


Racemase 
for alanine, 55-56 
Radioautography, paper chro- 
matography and, 525 
Rennin, milk clotting and, 
15-16 
Reproduction, nutrition and, 
374-75 
Resistomycin, 437 
Retinene 
from f8-carotene, 475-76 
reductase, 713 
Rh factor, elinin and, 124 
Rhodomycetin, 437 
Rhodomycin, 437 
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Rhodopsin, synthesis of, 
341, 713 
Riboflavin 
liver, azo dye carcino- 
genesis on, 415 
separation from, flavin 
nucleotides, 719 
Riboflavin nucleotides 
separation of, 719 
synthesis and assay of, 
718-19 
Riboflavin-5-phosphate, en- 
zymatic synthesis of, 
flavokinase and, 590 
Ribonuclease 
action of, 42 
chromatography of, 536, 
539 


fractionation of, by chro- 
matography, 43 
mononucleotides liberated 
by, 229 
resistant fraction to, 229 
ribonucleic acid structure 
and, 228-31 
separation of, 68 
Ribonucleic acids 
of liver, azo dye carcino- 
genesis on, 415 
molecular weights of, 224 
phosphorylation of, 49 
preparation of, 223 
ribonuclease on, 42 
ribonuclease resistant 
fraction of, 229-30 
structure of, 222-32 
Ribose 
nucleoside phosphorylase, 
561 


origin of, 421-22 
Ribose -5-phosphate 


glucose-6-phosphate from, 
561 


from 6-phosphogluconate, 
559-60 


triosephosphate from, 561 
Rickets, vitamin D and, 344 
Rubber, biogenesis of, 487 


5 


Sarcosine, metabolism of, 
310-11 
3edoheptulose, and carbohy- 
drate synthesis, 82 
3edoheptulose phosphate, 
photosynthesis of, 560 
Seeds, fats of, composition 
of, 117 
Senecio alkaloids, 517 
Serine, 661-62 
formation of, 309-10 
from glycine 
formate and, 661 
vitamin By9 and, 661 
incorporation studies with, 
321 





peptides of, synthesis of, 
15 
Serpentine alkaloid, 513-14 
structure of, 514 
Serum 
acetal phosphatide in, de- 
termination of, 122 
albumin, 183 
chromatography of, 529 
derivatives of, 184 
sulfhydryl activity of, 
195 
alkaline phosphatases of, 
41 


enzyme inhibitors of, 8 

esterases of, 35 

lipase of, 263 

lipoproteins, 124, 254 

peptidase level of, patho- 
logical conditions and, 


23-24 
phosphatase, determina- 
tion of, 48 


protein level in, dietary 
protein and, 362-63 
syphilis diagnosis in, 
lecithin and, 121 
vitamin A in, 341-42 
Silica gel, in chromatog- 
raphy, 534-35 
Slater’s factor, cytochrome 
system and, 707 
Sodium 
muscle metabolism and, 
388 
requirements for, 373 
Solasodine, chemistry of, 
516-17 
Somatotrophin 
antigenicity of, 605 
glycogenesis and, 606-7 
glycosuria and, 606 
ketone body production 
and, 606-7 
nitrogen storage and, 606 
terminal amino acids of, 
605 
Sorbitol, utilization of, 559 
Sorbose-1-phosphate, hexo- 
kinase inhibition by, 
60 


Soybeans, on vitamin A me- 
tabolism, 340 

Sphingine, structure of, 121- 
22 


Sphingosine 
blood level of, 252 
ethers of, 122 
structure of, 122 
Spleen, lecithin of, 119-20 
Sprue, glyceride absorption 
and, 248-49 
Starch 
bacterial synthesis of, 88- 
89 
chemistry of, 88-90 
in chromatography, 534-35 











effect on vitamin produc - 
tion by, 365 
phosphates of, 89 
soluble, 89 
Starvation, studies on, 358-59 
Stearic acid, anodic synthe - 
sis of, 110 
Steroid alkaloids, 515-17 
conessine, structure of, 
515-16 
tomatine, antifungal prop- 
erties of, 516 
solasodine, 516-17 
Steroids 
adrenocortical, separa- 
tion of, 140 
biosynthesis of, 158-61 
catabolism of, 163-67 
chemistry of, 129-53 
estimation of 
chromatographic, 153- 
54 


methods of, 156-57 
excretion of, 167-69 
ionizing radiations on, 


metabolism of, 153-70 
nomenclature of, 129 
secretion of, 161-63 
separation of, 153-55 
countercurrent methods 
for, 154-55 
total synthesis of, 146-53 
Sterols, 135-36 
Strandin 
isolation of, 258 
preparation of, from 
brain, 123 
Streptomycin, 434-35 
mode of action of, 447-48 
resistance to, 446 
biotin and, 446 
Strychnos alkaloids, 517 
Subtilin, purification of, 
443-44 
Succinic dehydrogenase 
activity of, 703-4 
antimycin inhibition of, 
449, 706-7 
cytochrome system and, 
706-9 
histochemical method for, 
703-4 
inhibition of, 707-8 
Sucrose 
amino acid binding by, 
180 


analysis of, 80 
Sugars 
analysis of, 80-81 
desoxy, 85 
keto, determination of, 80 
synthesis of, 82-84 
Sulfanilamide 
acetyl, formation of, 280 
acetylation of, 670-71 
Sulfhydryl 
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in coenzyme A, 565-66, 
569-70 
glyceraldehyde -3-phos - 
phate oxidation and, 
570 
in pyruvate oxidation, 
569-70 
Sulfphydryl groups 
denaturation and, 195 
in proteins, 195 
Sulfur, metabolism of, en- 
zymes for, 49-51 


T 


Taxonomy, biochemical as- 
pects of, 464-70 
Terpenes, chromatographic 
separation of, 524-34 
Terramycin 
chemotherapy with, 432- 
33 


mode of action of, 449 

toxicity reactions of, 433 
Testes, hormone secretion 

by, 162 

Testosterone, 162 

metabolism of, 164-65 

synthesis of, 130 
Thiaminase, 56 
Thiamine 

carotenoid biosynthesis 

and, 481 

fat deposition and, 257 

nutrition and, 369 
Thymidine 

fermentation of, 562-63 

formation of, 659-60 
Thymine 

in growth, 659-60 

infrared spectra of, 210 

thymidine formation and, 


utilization of, 660 
Thyroid 
comparative biochemistry 
and, 465 
vitamin A storage and, 
339 


Thymus, desoxypentose 
nucleic acid of, 233 
Thyroxine 
aerobic phosphorylation, 
594 


on carbohydrate and fat- 
ty acid oxidation, 594 
creatinephosphokinase 
inhibition by, 49 
Tocopherols 
in milk, 347 
vitamin E activity of, 
344-45 
Tomatine 
antifungal properties of, 
516 


isolation of, 516 
Tomato, carotenoids of, 
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483-87 
genetics and, 483-84, 486 
Transaminases, 51-53 
Transamination, 303-4 
in cyclophorase system, 
304 


measurement of, 304 
pyridoxal phosphate and, 303 
reactions, kinetics of, 304 
Transfructosidase, action 
of, 551-52 
Transglucosidases, 550-51 
maltose to isomaltose by, 
550-51 
Transglycosidation, oligo- 
saccharide synthesis 
and, 84 
Transmethylation, 50-51 
Tributyrin 
absorption of, 247 
esterase action on, 35 
hydrolysis of, 247 
Tributyrinase, in normal and 
tuberculous subjects, 
263 
Tricarboxylic acid cycle 
aconitase and, 58 
condensing enzyme of, 58 
enzymes of, 58-59 
inhibition of, by fluoro- 
acetate, 58 
ketoantiketogenic balance 
and, 363-65 
mode of action of anti- 
biotics and, 446-47 
in tumors, 417 
see also Citric acid cycle 
Trienoic acid, feeding of, 245 
Triglycerides 
composition of, 117-18 
physical properties of, 118 
reactions of, 118-19 
Triolein, hydrolysis of, 247 
Triosephosphate dehydro- 
genase, action of, 
556-57 
Triphosphopyridine nucleo- 
tide 


dehydrogenases linked by, 
712-16 
photochemical reduction 
of, carbon dioxide 
fixation and, 586-87 
synthesis of, 60, 589-90 
Tropane alkaloids, 517 
Tropomyosin 
nucleo, 397 
properties of, 397 
Trypsin 
chromatography, 529 
determination of, 22-23 
effect of pressure on, 
13-14 
inactivation of, 5-8 
on insulin, 623-26 
prevention of fatty liver 
by, 24 
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Tryptophan 
formate from, 665 
metabolism of, 315-17 
effect of B vitamins on, 
317 
Tubercule bacillus, fatty 
acids of, 113-15 
Tuberculostearic acid, syn- 
thesis of, 113-14 
Tumors 
amino acid incorporation 
into, 418-19 
ascites, 411-12 
carbohydrate metabolism 
in, 417 
crown-gall, 416 
dehydropeptidases of, 15 
fat metabolism in, 419-20 
hexokinase activity of, 
553-54 
hexokinase of, 48-49 
mitochondrial changes in, 
419 
nitrogen metabolism in, 
417-19 
nucleic acid metabolism 
in, 420-22 
labeled purines and, 421 
orotic acid and, 421 
phospholipids and, 420 
transplantable, 411-12 
virus, 416 
Tumor tissues 
D-amino acids in, 302-3 
' incorporation of amino 
acids into, 318 
incorporation of glycine 
by, 320 
Two-carbon acids, metabo- 
lism of, 576 
Two-carbon intermediates 
transfer of, coenzyme A 
in, 669-74 
water soluble vitamins and, 
633-86 
Tyrosinase, activity of, 702 
Tyrosine, metabolism of, 
315, 564 
folic acid derivatives on, 
645 


U 


Uracil 
infrared spectra of, 210 
ultraviolet spectra of, 218 
Uranium, effect on enzymes, 
61-62 
Urea 
ammonia as precursor of, 
307 
synthesis of, 305-6 
rates of, 306 
vitamin By 2 and, 306 
Urea cycle, enzymes of, 
59-60 
Urease 


SUBJECT INDEX 


activation of, by phos- 
phate, 30 
inactivation of, 29-30 
Urethanes, cancer chemo- 
therapy and, 422-23 
Uric acid 
biosynthesis of, formate 
in, 655-56 
formation of, comparative 
biochemistry of, 467 
Uridine 
glycosidic structure of, 


phosphorylase, 561-62 
phosphorylation of, 48 
structure of, 217-18 
ultraviolet spectra of, 218 
Uridylic acid, isomers of, 
220 


Urine 
aminoisobutyric acid in, 
302 


cortical steroids in, esti- 
mation of, 157 
ketosteroids in, 167-68 
steroids in, 165 
Uronides, chemistry of, 95 


Vv 


Vaccenic acid 
growth and, 349 
synthesis of, 110 
Valine 
carotenoid production and, 
487 


conversion to carbohy- 
drate of, 314 
metabolism of, 314 
Vasopressin 
amino acids of, 616-18 
isolation of, 616-18 
Vertebrates, muscle of, 401 
Vinactin, 437 
Viomycin, 438 
Virus 
cancer induction by, 424 
chromatographic separa- 
tion of, 534 
photochemical inactivation 
of, 189 
tumors, 416 
Vision, vitamin A and, 341 
Vitamin A 
absorption of, 248, 337-39 
in anemia therapy, 340 
animal requirements for, 
341-42 
biological activity of, 336- 
37 


vitamin E and, 336-37 
from 8-carotene, 475-76 
chemistry of, 333 
conversion of carotene to, 

339 

site of, 368 

deficiency of, 339-41 


androgens and, 339 
effect on pituitary, 339 
epoxide activity of, 480 
hypervitaminosis and, 341 
in kidneys, 335-36, 338 
lard factor and, 337 
in liver, 335-36, 338 
metabolism of, soybean 
effect on, 340 
in milk, 335 
nutritional requirements 
for, 367-68 
precursors of, 333 
production of, 489 
retinene from, 713 
stereoisomerization of, 
333-34 
storage of 
factors affecting, 338-39 
thyroid and, 339 
utilization of, 368 
visual cycle and, 341 
Vitamin B12, 645-55 
absorption and distribu- 
tion of, 651-52 
chemistry of, 646-47 
cyanide addition to, 647 
determination of, 648-50 
formation of citrovorum 
factor and, 639-41 
intestinal synthesis of 
antibiotics on, 654-55 
cobalt on, 654-55 
intrinsic factor and, 652- 
54 
labile methyl group syn- 
thesis and, 663-64 
metabolism of one-carbon 
intermediates and, 
655-65 
pantothenic acid and, 674- 
715 


protein binding of, 653 
protein sparing action of, 
650 


pseudo, 648 
adenylic acid in, 648 
purine nucleoside synthe - 
sis and, 659 
serine formation and, 661 
synthesis of, p-aminoben- 
zoic acid on, 650 
see also Cobalamine 
Vitamin Bj2q, By2p, Bi2e» 
Bj2q, chemistry of, 
646-47 
Vitamin C, phosphorylase 
inhibition by, 389 


Vitamin D 


animal requirements for, 
343-44 

calcium absorption and, 
343-44 

chemistry of, 342-43 

estimation of, 342-43 

human requirements for, 
343 














mineral metabolism and, 
368-69 
phytic acid and, 369 
phosphorus absorption 
and, 344 
toxic symptoms of, 343 
Vitamin Do, phosphorylated, 
as activator of phos- 
phatases, 40 
Vitamin E 
B-carotene activity and, 
336-37 
chemistry of, 344-45 
deficiency of, in poultry, 
347 


glycogen synthesis and, 
346 

muscle oxygen uptake and, 
393 


muscular dystrophy and, 
345-46 

pituitary function and, 346 

protein metabolism and, 
345-46 

thyroxin formation and, 
346-47 

Vitamin K 
antipyrin and, 348 
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blood coagulation and, 347- 
48 
determination of, 347 
Vitamin Kg, myosin contrac- 
tion and, 45 
Vitamins 
fat-soluble, 333-54 
nutrition and, 367-69 
a-lipoic acid as, 109 
production of, effect of 
starch on, 365-66 
tryptophan metabolism 
and, 317 
water-soluble, 369-71 
concerned with one- 
and two-carbon inter- 
mediates, 633-86 
food composition tables 
for, 370 
malnutrition and, 369 
see also specific vitamins 


Ww 


Wood 
8-carotene in, 489 
phytofluene in, 489 

Wool, chemical reactions of, 
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193 
x 


Xanthine, disassociation 
constants of, 213-15 
Xanthine oxidase 
assay for, 717 
dietary factors and, 717 
inhibitors of, 716-17 
Xerophthalmia, lard factor 
and, 337 
Xylose, fermentation of, 561 
X-ray diffraction 
peptide structure and, 
198 
protein studies by, 188 
pyrimidines and, 209 


Y 


Yeast 
glucosan in, 99-100 
invertase, purification of, 
99-100 
Yohimbine 
chemistry of, 507-10 
structure of, 507-8 





